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PREFACE. 


In  the  presentation  of  the  present  work  to  the  Engineering 
Profession  and  to  our  technical  Schools,  a  few  words  of  intro- 
duction seem  necessary. 

There  are  several  excellent  works  upon  the  subject  of  Ther- 
modynamics, in  English,  but  none  with  which  the  writer  is  ac- 
quainted, sufficiently  wide  in  its  scope  and  practical  in  its 
applications,  and  at  the  same  time  adapted  in  its  mode  of 
treatment  to  the  needs  of  beginners.  The  subject  is  thus  one  of 
the  most  difficult  for  the  student  to  get  hold  of  in  the  scheme 
of  our  engineering  schools,  and  the  effort  to  teach  it,  so  far  as 
the  writer's  experience  goes,  is  seldom  productive  of  satisfac- 
tory results. 

It  is  to  meet  this  want  that  the  present  work  is  offered  to  the 
public.  The  writer  has  used  the  work  of  Bontoen  in  his  classes 
for  several  years,  and  with  good  success.  The  treatment  is  full 
and  practical  and  the  presentation  such  as  to  offer  but  little 
difficulty  to  an  earnest  reader.  The  notation  employed  is  that 
used  by  Zeuneb,  so  that  the  book  forms  a  good  introduction  to 
the  "  Wdrme^heorieJ* 

During  these  years  the  work  of  Bomtgen  has  grown  upon  the 
writer's  hands  into  its  present  proportions,  and  it  becomes 
proper  here  to  point  out  at  least  those  portions  for  which  the 
German  author  is  not  responsible.  In  general  the  work  of 
Bontgen  is  comprised  by  the  large  print  only,  while  all  the  rest 
is  from  other  sources. 

Of  these,  apart  from  the  writer's  own  additions,  the  most 
notewoiihy  are  the  two  lectures  by  Pbof.  Verdet,  which  have 

been  introduced  as  an  introduction  to  the  worL    They  form, 

•  •  • 
ui 
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with  the  Notes  and  Additions,  an  admirable  sninmary  of  the 
whole  field,  and  being  in  a  popular  form,  will,  it  is  hoped, 
awaken  an  interest  in  one  of  the  most  important  of  the  more 
recent  developments  of  physical  science. 

In  Chapter  XTTT.  we  have  given  a  yerj  excellent  abstract  of 
MoNS.  Pebnolet's  work  "L'Air  Comprime,*'  for  which  we  are 
indebted  to  Mr.  Bailet  Willis,  M.  E.  It  will  be  found  of  great 
interest,  and  the  diagram  given  at  the  end  of  the  chapter  will 
be  found  of  great  practical  value. 

In  the  Appendix  to  Chapter  XXIII.,  we  have  given  Zeuneb's 
theory  of  superheated  steam — ^by  far  the  best  and  latest  work  upon 
this  very  important  subject 

As  to  other  additions,  we  have  added  here  and  there  to  the 
text  of  our  author,  matter  which  seemed  desirable,  distinguish- 
ing all  such  additions  by  fine  print  and  brackets ;  have  appended 
"  questions  for  examination  "  to  many  chapters,  as  well  as  added 
many  selected  "  examples  for  practice,"  reduction  tables,  etc., 
all  of  which  are  calculated  to  aid  the  teacher  and  student. 
The  steam  tables  at  the  end  of  the  work  are  taken  from  2i£n- 
neb's  "  W&rme-theo7'te.** 

As  regards  the  extent  of  the  work,  it  will  be  found  consider- 
ably more  than  can  be  read  completely  by  any  class.  This  need 
cause  no  trouble  to  the  instructor.  The  principles  are  completely 
laid  down  in  the  first  six  chapters  of  the  first  and  second  parts. 
The  rest,  consisting  merely  of  the  applications  of  these  princi- 
ples, can  be  pursued  at  such  length  as  may  seem  proper  in  any 
case.  We  consider  it  a  positive  advantage  to  the  student,  who 
is  expected  to  make  use  of  the  principles  he  acquires,  to  have  a 
text  book  so  full  and  comprehensive  that  it  shall  serve  as  a 
book  of  reference  as  well,  and  point  out  the  method  to  be  pur- 
sued in  the  investigation  of  any  problems  which  may  occur  in 
future  practice. 

For  several  reasons  it  has  not  been  thought  well  to  convert 
the  French  measures  into  English.  Those  who  wish  to  become 
familiar  with  the  literature  of  the  subject,  must  be  able  to  use 
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the  French  system  easily.  No  graduate  of  our  Technical 
Schools  should  be  without  a  thorough  knowledge  of  it.  For 
the  practical  use  of  the  formulsB  and  results  in  daily  work,  the 
reduction  tables  we  have  given  will  be  found  to  answer  every 
requiremeni 

The  method  of  the  author  requires  only  a  knowledge  of  al- 
gebra and  no  use  is  made  of  the  calculus.  This  fact  will  per- 
haps gain  for  the  work  readers  who  have  long  desired  to  obtain 
some  insight  into  the  subject,  but  have  been  unable  to  read  the 
works  hitherto  published  upon  it. 

The  effort  throughout  has  been  to  aid  both  teacher  and  stu- 
dent in  their  work,  and  to  impart  such  a  knowledge  of  the  sub- 
ject as  shall  render  it  practically  serviceable. 

Shxffibl    Scientific  School  of  Talb  Collboe, 

JUNB  llTB,  1880. 
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Yebt  considerable  additions  have  been  "Imade  to  the  present 
edition.  The  application  of  the  Oalculus  to  the  subject  has 
been  given  with  sufficient  fullness,  in  the  shape  of  additions  to 
Chapter  YEL,  page  208,  and  Chapter  XVIIL,  page  462.  All 
examples  and  formulsB  are  given  throughout  the  work  in  both 
French  and  English  units,  and  the  Steam  Tables  of  Zeuner  are 
given  complete,  both  in  their  original  French  units,  and  also 
reduced  throughout  to  English  units.  Many  new  examples 
have  been  added. 

It  is  hoped  that  these  changes  will  better  adapt  the  work  to 
the  needs  of  teachers  and  pupils,  as  well  as  render  it  more 
valuable  as  a  work  of  reference  for  the  engineer. 

The  student  will  thus  find  two  Courses  presented,  one  with 
and  the  other  without  the  aid  of  the  Calculus.  The  first  six 
chapters  of  Part  L  and  Part  IL  form  by  themselves  a  short 
elementary  and  practical  Course. 

The  writer  has  found  it  decidedly  of  advantage  that  students 
should  thus  first  become  familiar  with  the  main  features  of  the 
subject  Upon  review,  the  remaining  portions  can  then  be 
taken  with  profit,  and  the  application  of  the  Calculus  will  be 
better  understood. 

It  is  believed  that  such  a  Course  will  open  up  the  subject,  so 
that  the  student  can  pursue  it  readily  in  higher  works,  while 
the  numerous  examples  and  complete  Tables  will  make  the 
book  a  valuable  aid  in  practice. 
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LECTURE  1 


Thebmodtkaxics,  or  the  Mbchakical  Thsobt  of  Hbat,  is  tliat  sdenee 
which  treats  of  the  mechanical  effects  of  heat,  and  of  those  mechanical  pro- 
cesses by  which  heat  is  generated*  This  science  is  yet  in  its  infancy.  It  is 
not  more  than  40  years  ago  *  that  Sadi  Camot  pointed  out  its  first  problems, 
and  scarcely  80  years  have  elapsed  *  since  Julius  Robert  Mayer  indicated  the 
methods  by  which  their  solution  might  be  attempted. 

Neyertheless,  this  science  has  already  reached  a  great  development,  and 
has  attained  points  of  contact  with  almost  all  the  other  sciences.  We  shall 
endeavor,  in  what  follows,  to  obtain  a  comprehensive  view  of  this  rapid  progress. 

The  new  science  rests  upon  a  few  fundamental  principles  of  mechanics,  and 
to  these  let  us  first,  for  a  moment,  direct  our  attention. 

The  law,  according  to  which  the  velocity  of  any  material  point  acted  upon 
by  a  constant  force  changes,  is  well  known  0t  is  e=  Y2  gh)-  We  also  know 
that  the  square  of  the  velocity  attained  in  any  given  time  is  equal  to  twice  the 
product  of  the  moving  force  and  the  distance  passed  over,  divided  by  the  mass 

of  the  moving  point  (or  •■  =  -j^  ). 

The  velocity  increases  or  is  accelerated  when  the  moving  force  acts  in  the 
^Qrection  of  the  original  velocity  of  the  point,  and  it  is  retarded  when  the  mov- 
ing force  acts  in  the  opposite  direction. 

The  product  of  the  force  into  the  distance  passed  over,  we  call  the 
"KBCHAKICAL  ETrECT"  or  "  woBx''  of  the  forco.  We  call  this  work  posi- 
tive or  negative,  according  as  the  force  causes  motion  or  opposes  motion  of  the 
point,  ».«.,  according  as  it  acts  in  the  direction  of  the  initial  velocity  or  the 


We  call  the  half  product  of  the  mass  and  square  of  the  velocity  {\  Jft)*)  the 
"VIS  ttva"  or  "  uviNO  fobcb,"  and  by  the  aid  of  these  two  definitions  we 
may  express  the  foregoing  principle  in  the  following  manner : 

When  a  Miy  move$  wth  uniformly  aeeeUrated  or  retarded  mcHon,  the 

*  The  two  iotrodiictory  lectures  which  follow  were  dellyered  bj  Prof.  Yerdet  before  the 
Chemical  Society  of  Paris,  In  the  year  1883.  The  dates  above  should  therefore  now  be  66  and  48  re- 
spectlrely.  As  a  popular  and  yet  sdentlflc  exposition  of  the  subject,  these  lectores  are  sdU  unri- 
valed, and  to  the  beginner  who  deslrss  to  get  dear  general  ideas  of  the  scope  and  spirit  of  the 
!  thej  wHI,  it  is  thought,  prove  both  interesting  and  valuable,  and  render  the  proper  oom- 
of  the  technical  discussion  which  follows  much  easier. 
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4  LECTURE  I. 

m 

"  tDork  "  during  any  gioen  time,  performed  upon  the  body  or  peiformed  by  the 
body,  is  equal  to  the  change  in  the '  *  living  force  " — [i,e,,  Work  =  i  if  ( F,  *  —  « i  •)]. 

This  principle,  which  follows  directly  from  the  above  definitions  and  prin- 
ciples, enables  ns  to  measure  forces  bj  the  resulting  yelocilies,  and  maj  be 
easily  generalized. 

Thus,  by  the  aid  of  the  Galcolos,  we  may  remove  the  limitation  as  to  con- 
stant force,  which  we  have  introdaced  for  the  sake  of  clearness.  Then  the 
limitation  as  to  direction  may  be  removed  by  finding  the  component  of  the  in- 
clined force  in  the  direction  of  the  motion,  and  taking  its  work.  Finally,  we 
may  consider  any  system  whatever  of  forces  and  bodies,  and  show  that  in  all 
cases  the  sum  of  the  works  performed  in  any  given  time  is  equai  to  the  change  in 
the  sum  of  the  limng  forces  in  that  time.  This  is  the  principle  known  as  the 
equality  of  work  and  living  force,  upon  which  rests  the  entire  theory  of 
machines. 

Mechanical  effect,  or  work,  is  expressed  numerically  by  means  of  a  conven- 
tional unit.  Thus  that  amount  of  work  may  be  taken  as  unity  which  is  per- 
formed in  lifting  one  unit  of  weight,  as  one  pound  or  one  kilogram,  against  the 
force  of  gravity,  through  the  vertical  distance  of  one  unit  of  length,  as  one 
foot  or  one  meter.  Work  is  thus  measured  in  '*  foot-pounds  "  or  "meter-kilo- 
grams." If,  thus,  we  say  that  the  work  of  any  system  is  positive  and  equal  to 
100  ft.  lbs. ,  we  mean  that  by  means  of  this  system  we  can  perform  the  same  work 
as  would  be  performed  by  a  weight  of  100  lbs.  descending  through  a  height  of 
one  foot,  or,  regarding  the  force  of  gravity  as  constant,  by  the  descent  of  one 
pound  through  100  feet.  In  like  manner,  100  meter-kilqgrams  signifies  the  work 
performed  by  the  descent  of  one  kilogram  through  the  distance  of  100  meters. 

Inversely,  a  negaUoe  work  of  100  ft.  lbs.  denotes  an  expenditure  of  work 
by  the  system  equal  to  that  expended  in  raising  a  weight  of  one  pound  through 
100  feet,  or  100  lbs.  through  one  foot,  the  final  velocity  being  zero. 

It  is  not  our  purpose  to  indicate  here  how  the  entire  theory  of  machines 
follows  from  this  equation  of  work ;  but  it  is  necessary  to  direct  attention  to 
two  general  conditions  which  the  motion  of  any  machine  must  satisfy,  and 
whidi  are  expressed  in  this  equation. 

First,  in  every  machine  whose  motion  has  become  constant,  or,  in  general, 
in  any  system  whose  velocity  is  independent  of  the  time,  the  sum  of  the  living 
forces  is  constant,  and  hence  in  any  period  which  we  consider,  the  sum  of  the 
works  zero.  In  other  words,  the  work  of  the  moving  forces  is  constantly  equal 
to  the  work  of  the  resistances,  and  has  a  contrary  sign.  If  the  velocities  indeed 
are  not  constant,  but  periodic  in  their  variation,  as,  for  example,  is  the  case  in  a 
machine  with  a  reciprocating  motion,  then,  although  equality  no  longer  exists 
between  the  work  of  the  moving  forces  and  of  the  resistances  for  any  arbitrary 
Interval  of  time,  still  it  does  exist  for  the  duration  of  a  full  period,  or  for  any 
entire  number  of  such  periods. 

If,  further,  the  forces  which  act  upon  a  system  have  at  one  time  an  effect 
opposed  to  the  action  of  the  individual  points  of  this  system  upon  each  other,  if 
therefore  they  act  in  the  directions  of  the  lines  joining  these  points,  and  are 
dependent  only  upon  the  distances  apart  of  the  points,  and  if  at  another  time 
they  proceed  from  a  center,  and  are  subject  to  the  same  conditions ;  then,  the 
sum  of  the  living  forces  is  the  same  both  at  the  beginning  and  end  of  a  time 
such  that  the  bodies  of  the  system  return  to  their  first  positions.    The  sum  of 
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the  woTks  of  the  forces  during  ibis  time  is  sero.    These  conditions  are  satisfied 
by  every  case  which  occurs  in  nature. 

This  law,  which  rests  upon  the  surest  ideas  which  we  have  concerning  the 
operation  of  the  forces  of  nature,  is  nothing  more  than  the  principle  of  ths 

DCFOflSIBILITT  OF  FBRFBTDAL  MOTIOK. 

According  to  this  it  is  impossible  by  any  combination  of  natural  forces  to 
make  a  machine  whose  parts  being  once  set  in  motion  and  then  left  to  the 
operation  of  gravity,  or  other  similar  forces,  and  their  own  mutual  action,  shall 
later  return  to  their  original  positions  with  greater  velocities  than  they  at  first 


A  perpetual  motor  means,  then,  a  machine  which,  being  put  in  motion  and 
left  to  itself  will,  in  a  certain  time,  regain  its  original  velocity,  and  at  the  same 
time  impart  to  some  body«  originally  at  rest,  a  certain  velocity.  It  is  clear  that 
both  cases  of  impossibili^  are  identical.* 

It  does  not  appear  at  sight  easy,  proceeding  from  these  principles,  to  make 
any  new  discoveries.  The  theory  of  dm  pie  machines  is  firmly  founded,  and 
all  analyses  of  deceptive  discoveries  of  a  perpetual  motion  are  to-day  completely 
devoid  of  interest.  Nevertheless,  it  is  from  a  new  application  of  these  appar- 
ently thoroughly  explored  principles  that  the  entire  mechanical  heat  theory  has 
arisML 

It  will,  for  our  purposes,  be  sufficient  to  give  heed  to  these  two  rules  : 

First,  always  to  recognise,  together  with  the  outward  and  visible  motions  of 
any  machine,  those  less  perceptible  interior  motions  of  the  atoms  of  bodies 
which  escape  observation  by  our  senses. 

Second,  whenever,  following  customary  theories,  we  meet  with  a  force 
whose  mode  of  action  does  not  agree  with  the  general  laws  of  action  of  natural 
foroee,  we  must  regard  this  force  as  a  mathematical  fiction,  and  seek  to  estab- 
lish its  true  nature. 

Without  these  two  maxims  every  theory  of  machines  must  lead  astray ; 
every  machine  in  motion  most  appear  as  a  direct  contradiction  of  the  law  of 
equality  of  the  work  of  the  motive  power  and  the  work  of  the  resistance,  or  as 
a  solution  of  the  problem  of  perpetual  motion.  The  only  means  of  avoiding 
such  contradiction  would  be  to  propound  views  as  to  the  nature  and  mode  of 
action  at  heat,  whose  scope  would  exceed  that  of  the  simple  circle  of  pheno- 
mena which  first  suggested  them. 

IL 

Next,  we  assert  that  in  no  machine  which  has  attained  a  state  of  uniform 
motion  can  the  work  of  the  resistances  be  equal  to  the  work  of  the  moving 
forces.  Although  this  assertion  appears,  in  view  of  the  above,  paradoxical,  yet 
H  simply  expresses  what  at  bottom  can  be  found  in  any  text-book  upon  mechan- 
ics. It  is  nothing  more  than  the  true  Interpretation  of  the  preponderance  of 
the  work  of  the  moving  forces  compared  with  that  which  we  call  the  "  useful 
work." 

Let  us  consider  an  hydraulic  machine  which  Is  desfgned  to  raise  water,  i.«., 
to  produce  an  effect  similar  to  that  which  it  receives.    This  will  simplify  the 

•  S«6  Kot«  1,  At  Um  end  of  tiMM  toctoiw. 
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comparison  of  the  two  kinds  of  work.  In  a  macbine  of  this  kind  a  certain 
qaautity  of  water  enters  in  a  given  time,  falls  throngh  a  certain  distance  per- 
forming work,  and,  if  the  machine  is  perfect,  departs  with  the  Telocity  which 
it  had  before  falling.  The  product  of  the  weight  of  water  and  the  height  of 
fall  is  evidently  the  work  of  the  moving  force.  In  the  same  time,  the  machine 
takes  a  certain  quantity  of  water  from  some  reservoir,  it  may  be  from  the  veiy 
stream  which  furnishes  the  motive  water  itself,  and  raises  it  up  to  another  and 
higher  reservoir.  This  negative  work,  against  gravity,  is  the  product  of  the 
weight  of  water  raised,  into  the  difference  of  level  between  the  two  reservoirs, 
and  is  what  we  call  the  **  VMfiU  work,** 

Now,  every  one  knows  that  this  useful  work  is  only  a  fraction  of  the  work 
of  the  moving  force.  This  fact  is  ordinarily  accounted  for  by  the  considera- 
tion of  what  we  call  the  "  i>assive  resistance,"  that  is,  by  the  assumption  of 
forces  which  oppose  the  motion  of  the  machine,  and  thus  perform  a  negative 
work  exactly  equal  to  the  excess  of  the  work  of  the  moving  force  above  the 
useful  work.    Let  us  see  what  value  this  explanation  has. 

There  is  one  part  of  the  passive  resistance  of  somewhat  indefinite  amount. 
To  this  belong  every  contribution  of  yelocity  to  surrounding  bodies,  either  to 
the  air  or  to  the  foundations,  which  theory,  of  course,  assumes  as  firm.  All 
these  constitute  a  useless  development  of  living  force  at  the  expense  of,  and 
equivalent  to,  a  certain  fraction  of  the  work  of  the  moving  force.  In  by  far 
the  greater  number  of  cases,  however,  these  constitute  the  least  portion  of  the 
work  of  the  passive  resistances.  Much  the  greatest  portion  must  nearly  always 
be  attributed  to  the  action  of  a  certain  special  force  which  bears  the  name  of 
"  friction,"  and  to  this  force  we  now  wish  to  call  special  attention. 

What,  then,  is  friction  ?  It  is  purely  a  resisting  force,  incapable  of  causing 
motion  in  the  machine,  or  of  increasing  its  velocity.  It  is  a  force  which  always 
tends,  when  two  surfaces  in  contact  move  with  different  velocities,  to  diminish 
the  velocity  of  the  fastest. 

It  is  not  an  elementary  work,  but  the  result  of  actions  which  occur  between 
the  molecules  of  the  rubbing  surfaces.  We  know  little  or  nothing  of  these 
actions,  more  than  that  they  must  obey  the  general  lavra  which  we  have  laid 
down  Just  now,  while  speaking  of  perpetual  motion.  We  do  not  need,  how- 
ever, to  know  anything  whatever  about  them,  in  order  to  demonstrate  that 
they  can  furnish  no  work,  and  hence  can  give  no  information  as  to  the  facts  to 
be  accounted  for.  In  machines,  ordinarily,  rubbing  surfaces  are  ground  down, 
also  the  lubricating  materials  undergo  a  change.  We  might  suppose  that  the 
work  corresponding  to  such  molecular  changes  was  the  exact  equivalent  of  that 
portion  of  the  excess  of  the  work  received  over  that  performed,  which  we 
ascribe  to  friction.  But  it  is  easy  to  conceive  of  a  machine  whose  rubbing  sur- 
faces are  so  smooth  and  of  such  hard  material  as  not  to  rub  down  perceptibly 
in  a  long  time  ;  it  would  not  indeed  be  difficult  to  practically  realize  such  a 
machine.  If  we  consider,  in  such  a  case,  the  work  of  molecular  forces,  which 
is  the  cause  of  the  friction,  during  the  period  between  two  precisely  identical 
positions  of  the  machine,  it  is  at  once  evident  that  this  work  must  be  zero,  be- 
cause at  the  beginning  and  end  of  the  period  the  relative  positions  of  the  mole- 
cules is  the  same. 

Where,  then,  does  the  ordinary  explanation  of  the  excess  of  the  work  received 
over  the  useful  work  lead  us  ?    Can  we  recognise  in  It  anything  else  than  a 
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pore  mMliematical  fietion,  which  mmy  perhaps  he  luefal  as  a  temporary  pres- 
entation of  an  unknown  process,  hat  which  mnst  be  rejected  by  every  one  not 
prepared  to  deny  the  must  certain  conclusions  of  science  Y  Must  we  not  con- 
clude, that  in  every  case  where  we  have  friction  without  change  of  surface, 
there  must  be  some  unobserved  change,  which  is,  in  fact,  equivalent  to  work, 
and  which  seems  to  absorb  the  friction  ? 

To  the  eye  of  the  pure  mechanic  no  such  change  may  be  apparent,  the 
physicist,  however,  without  doubt,  will  recall  a  well-known  phenomenon, 
familiar  even  to  ordinary  experience,  and  which  has  already  more  than  once 
been  the  subject  of  scientific  investigation.  I  speak  of  the  inereoM  of  tempera- 
tmre  whieh  always  takes  place  when  surfaces  are  rubbed,  and  which  is  more 
eonsiderable  the  greater  the  friction ;  or,  what  amounts  to  the  same  thing,  the 
greater  the  unexplained  loss  of  work. 

Without  pausing  to  recapitulate  the  laws  of  this  phenomenon,  let  us  direct 
attention  to  Its  essential  character.  It  is  a  heating  which  corresponds  to  no 
cooling  of  any  other  part  of  the  machine.  It  Is  not  another  distribution  of  heat 
which  already  existed,  but  it  is  a  generation,  or,  still  better,  an  actual  creation 
of  heat  What  Is  more  natural  than  to  recognise  In  this  the  equivalent  of  the 
excess  of  the  work  received  over  the  useful  work,  which  we  are  otherwise  at  a 
loss  how  to  account  for? 

m. 

In  order  to  estimate  the  value  of  this  supposition,  let  us  consider  a  kind  of 
aetioo  entirely  different  from  that  which  takes  place  In  machines — oie.,  the 
phenomena  of  radiant  heat.  Let  us  recall  the  experiments  of  Delaroche,  B^- 
raid,  Melioni,  Knoblauch,  Tyndall,  and  other  physicists,  upon  what  are  called, 
both  In  popular  and  In  scientific  parlance,  "  heat  rays." 

These  experiments  are  In  complete  accord  with  those  by  which  the  true 
nature  of  light  is  revealed,  and  as  the  view  held  to-day  as  to  the  nature  of 
,  light  is  held  by  all,  we  are  in  like  manner  forced  to  conclude  that  heat  rays  are 
nothing  else  than  a  certain  vibratory  motion  of  the  ether  of  space.  Thus,  in 
aecordance  with  experiment,  we  say,  that  If  a  body  Is  brought  near  to  another 
of  lower  temperature,  certain  vibrations  are  generated,  which  follow  certain 
laws.  Upon  these  vibrations  depend  the  phenomena  of  the  imparting  of  heat, 
and  under  certain  dreumstances  they  are  capable  of  acting  upon  our  eyes  so  as 
to  give  rise  to  the  phenomena  of  light  also.  We  have  no  reason  to  suppose 
that  the  two  kinds  of  phenomena  have  different  causes. 

This  fundamental  Identity  of  radiant  heat  and  light  was  demonstrated  twenty 
jean  ago  *  by  Melioni  In  his  paper  "  Upon  the  Identity  of  Rays  of  all  Kinds," 
read  before  the  Academy  at  Naples,  February  2, 184d.  Still,  Melioni  recog- 
nised that  an  important  step  remained  to  be  made  to  complete  the  demonstra- 
tion. The  ifUerferenee  of  heat  rays  had  not  yet  been  experimentally  shown ; 
no  one  had  yet  succeeded  by  two  rays  of  heat  In  producing  cold,  as  by  two 
rays  of  light,  under  proper  conditions,  darkness  had  been  caused.  Five  years 
later,  Fizeau  and  Foucault  detailed,  in  a  paper  before  the  Academy,  experi- 
ments by  which  the  interference  of  heat  was  made  as  evident  as  that  of  light. 
{Otmpiee  rendus.  Vol.  XXV.,  and  Poggend,  Annalen,  Bd,  73.) 

^  Tbflte  Icctoiw  wtr0  deliv«rad  by  Verdet  in  1868. 
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After  this,  not  a  single  donbt  Temained  to  oppose  to  a  theory  wbich  recog- 
nized in  the  heat  rays  a  sjrstem  of  vibrations.  We  shall  consider  it  as  an 
undoubted  fact,  that  in  a  body  which  is  brought  to  a  higher  temperature, 
vibrations  of  its  molecules  are  caused ;  in  other  words,  ths  body  anUainM  a 
certain  anumni  of  Hting  force.  While  another  body  of  higher  temperature, 
which  serves  as  a  source  of  heat,  causes  this  development  of  living  force,  it 
cools  gradually  itself. 

Inversely,  when  the  vibrations  which  constitute  a  system  of  heat  rays  meet 
a  body  which  possesses  the  property,  as  we  say,  of  "  absorbing  heat,"  and 
become  diminished  or  disappear,  the  body  becomes  heated. 

The  cooilng  of  a  body  by  radiation,  therefore,  corresponds  to  the  generation 
in  other  bodies  of  a  certain  amount  of  living  force ;  the  heating  of  a  cold  body 
by  the  absorption  of  radiant  heat,  on  the  other  hand,  corresponds  to  a  diminu- 
tion of  living  force  in  others.  Heating  and  cooling,  therefore,  are  phenomena 
of  the  same  kind,  whatever  may  be  their  cause.  They  must,  in  all  cases,  be 
considered  as  pure  mechanical  operations.  Heating  can  only  be  the  sum  total 
of  those  changes  which  take  place  during  the  disappearance  of  a  certain  amount 
of  living  force  ;  i,€,,  either  a  performance  of  work  or  a  development  of  living 
force,  or  a  combination  of  both.  It  is  evident  that  heating  corresponds  to 
mechanical  work. 

Heat  acts  to  change  the  volume  of  bodies,  the  molecales  are  forced  farther 
apart  against  their  forces  of  attraction,  and  thus  a  negative  work  is  performed. 
At  the  same  time  occurs  that  change  of  the  properties  of  the  body  which  we 
call  rise  of  temperature,  and  it  is  easy  to  see  in  it  the  effect  of  the  change  in 
the  sum  of  the  living  forces  of  the  molecules. 

It  makes  very  little  difference  whether  we  accept  or  reject  these  last  conclu- 
sions ;  it  is  none  the  less  certain  that  the  heating  of  a  body  represents  a  certain 
performance  of  work  and  the  development  of  a  certain  amount  of  living  force, 
or  still  better,  U  such  force.  The  work  in  question  consists  of  molecular  dis- 
turbances which,  indeed,  escape  observation,  and  are  only  visible,  finally,  in 
the  change  of  form  and  dimensions  of  the  body ;  the  living  force  is  also  as 
difficult  of  direct  observation,  and  consists  neither  of  the  motion  of  the  body  as 
a  whole,  nor  of  directly  visible  motions  of  its  parts,  such,  for  example,  as  con- 
stitute sound  phenomena.  It  consists,  in  all  probability,  in  vibrations  of  the 
smallest  particles  of  matter,  and  eludes  our  senses.  Considered  from  a  me- 
chanical standpoint,  these  speculations  have  no  importance,  and  cannot  prevent 
our  recognizing  in  the  heating  of  a  body,  mechanical  work.  Just  as  plainly  and 
as  certainly  as  in  the  raising  of  a  weight  or  the  motion  of  a  projectile. 

IV. 

Let  us  return  now,  in  the  light  of  these  new  principles,  to  the  consideration 
of  the  machine  which  we  have  instanced,  and  those  questions  which  then  arose 
will  now  find  immediate  solution.  The  heat  which  is  developed  at  those  points 
where  friction  oocars  is  a  mechanical  phenomenon,  a  combination  of  mechanical 
work  and  living  force  in  a  relation  which  we  shall  determine  more  precisely 
hereafter.  It  is  evident  that  this  heat  may  be  equivalent  to  the  difference 
which  exists  between  the  work  of  the  motive  forces  and  the  nsefal  work,  the 
explanation  of  which  we  have  been  seeking.    I  say  may  be,  and  you  will,  per- 
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baps*  be  inelined  to  add,  fMUt  he.  The  equation  of  work  must  necessarily  be 
8ati86ed  at  eveTj  instant*  only  we  must  not  limit  it  to  those  living  forces  or 
visible  effects  which  are  usually  alone  considered,  but  we  mast  also  include 
those  living  forces,  or  that  work,  which  we  know  in  the  shape  of  heat.  If  we 
neglect  this  term  of  the  equation  of  works,  the  fundamental  theorem  of  applied 
mechanics  maj  indeed  appear  incorrect,  but  by  its  introduction  all  difficulties 
disappear. 

Having  now  arrived  at  this  point,  we  can  submit  the  correctness  of  our 
eonelaaions  to  the  test  of  experiment.  We  may  seek,  for  instance,  whether  it 
la  really  true  that  the  heat  generated  by  friction  in  a  machine  is  exactly 
equivalent  to  the  unexplained  difference  between  the  useful  work  and  that 
reeeived.  Although,  indeed,  it  may  be  impossible  to  measure  this  quantity  of 
heat  in  the  condition  of  living  force  or  work,  as  we  measure,  for  Instance,  the 
work  of  gravity  upon  a  body  of  one  pound  weight  which  falls  through  one 
foot,  still  we  may  measure  it  relatively  by  comparison  with  another  quantity  of 
heat,  which  may  be  sharply  defined  and  taken  as  unity. 

The  result  of  such  a  procedure  will  give  us  this  quantity  of  heat  ettpreited 
m  term*  oftheu  unUs,  and  then  if  we  know  the  ratio  of  this  unit  of  heat  to  the 
unit  of  work,  that  is,  the  number  of  foot-pounds  or  meter-kilograms  corre- 
sponding to  each  heat  unit,  we  can  easily  find  the  work  equivalent  to  the  heat, 
which  will  be  the  difference  between  the  useful  work  and  the  work  originally 
Imparted.  This  constant  ratio  will  therefore  determine  the  mechanical  value 
of  those  heat  effects  which  we  assume  as  constituting  one  unit  of  heat. 

This  has  been  established  by  experimont.  The  physicist  Joole,  who  has 
perhaps  contributed  more  than  any  one  else  to  the  science  of  Thermodynamics, 
has  investigated  friction  of  various  kinds  In  such  a  way  as  to  determine  the 
amount  of  heat  developed  in  comparison  to  the  work  expended.  He  used  a 
very  rimple  mechanism,  which,  by  means  of  a  falling  weight,  set  in  motion  a 
■mall  paddle-wheel,  which  turned  while  immersed  In  water  or  mercury,  the 
motion  of  the  liquid  being  prevented  by  partitions.  The  friction  of  the  liquid 
particles  upon  each  other,  upon  the  partitions  and  upon  the  paddles,  generated 
a  certain  amount  of  heat,  which  could  be  estimated  from  the  rise  of  tempera^ 
tare  of  the  various  parts  of  the  apparatus.  The  work  corresponding  to  this 
heat  was  given  by  the  fall  of  the  weight  used,  due  regard  being  had  for  the 
friction  of  these  parts  of  the  machine  out  of  the  liquid.  Thus  was  determined 
the  ratio  of  the  mechanical  work  expended  to  the  heat  produced.  Experiments 
vrith  water  gave  for  every  unit  of  heat,  that  is,  for  every  kilogram  of  water 
raised  one  degree  Centigrade,  the  equivalent  work  of  4d4  meter-kilograms. 
(If  we  take  as  the  unit  of  heat,  one  pound  of  water  raised  one  degree  OenU' 
grade,  we  have  about  1,890  foot  lbs.  If  we  take  one  pound  of  water  raised  one 
degree  FhhrenMi,  we  have  about  778  foot  lbs.  All  three  equivalents  are  in 
use.) 

Bxperiments  with  mercury  gave  425  meter-kQograms,  or  very  precisely  the 
flame  as  water.  Joule  made  still  a  third  determination,  with  an  iron  ring  in- 
sMad  of  a  paddle-wheel,  which  ring  he  caused  to  rub  upon  an  iron  plate  im- 
aieraed  in  water,  and  found  In  this  case  426  meter-kilograms. 

You  will  doubtless  be  surprised  at  the  dose  correspondence  of  these  three 
numbers.  When  I  add  that  each  Is  the  mean  of  a  large  number  of  determlna- 
tlons»  it  will  be  readily  confessed,  that  in  this  work  of  Joule,  classic  even  to- 
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daj,  is  found  the  experimental  Terificfttion  of  oar  new  principle.  You  will 
ftdmit  that  the  mean  of  the  determinations  for  water,  which  are  regarded  as 
the  most  reliable,  or  424,  represents  with  tolerable  exactness  the  quantity  of 
work  which  is  the  eqniyalent  of  that  living  force  among  the  particles  of  a  body, 
to  which  we  gi^e  the  name  of  "  one  heat  unit."  Let  us  pause  a  moment  to 
consider  the  significance  of  this  number.  It  expresses,  that  from  a  mechanical 
standpoint,  we  produce  two  equivalent  effects,  whether  we  generate  one  unit 
of  heat,  or  whether  we  raise  424  kilograms  through  one  meter.  In  other 
words,  in  every  application  of  the  equation  of  works,  in  which  we  take  account 
of  both  the  living  force  of  heat,  and,  at  the  same  time,  of  the  work  of  the  visi- 
ble forces,  we  must,  for  every  unit  of  heat,  add  424  units  to  the  negative  work 
or  to  the  living  forces.  This  relation  is  independent  of  the  special  method  of  the 
production  of  heat  by  friction.  It  follows  from  principles,  whose  generality 
has  already  been  proved,  that  424  can  be  »n  wery  eate  regarded  as  the  mbghan- 
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If  it  should  possibly  appear  rather  premature  to  consider  this  definite 
numerical  value  as  absolutely  correct,  still  no  objections  can  be  urged,  and  no 
doubt  remain  as  to  the  entire  correctness  of  the  principle  of  the  equivalence  of 
work  and  heat ;  for,  making  allowance  for  errors  unavoidable  in  all  experi- 
ments, the  most  diverse  determinations  all  agree  in  ^ving  us  the  same  value. 

V. 

We  find  the  first  confirmation  of  Joule's  experiments  in  the  researches  of 
Favre  upon  the  friction  of  steel  on  steel :  but  we  shall,  for  a  moment,  pass 
over  such  confirmations,  in  order  to  direct  attention  to  still  another  contradic- 
tion which  seems  to  exist  between  the  usual  theory  of  machines  and  general 
mechanical  laws,  which  is,  in  a  certain  sense,  the  opposite  of  the  preceding, 
and  which  only  disappears  when  we  apply  those  principles  which  we  have 
already  deduced.  It  can  be  easily  shown,  that  if  we  depart  from  these  princi- 
ples, every  machine  which  is  moved  by  heat  can  be  regarded  as  a  perpetual 
motion,  which  continually  generates  living  force  in  surrounding  bodies,  with- 
out any  change  in  its  own,  without,  in  fact,  a  positive  work  of  the  motive  forces 
equivalent  to  the  living  forces  generated. 

Let  us  take  as  an  example  that  most  important  and  well-known  machine  of 
our  civilisation— the  steam-engine.  Consider,  then,  with  me  a  machine  which 
has  arrived  at  the  condition  of  its  normal  activity,  and  in  order  to  fix  our  ideas, 
let  us  take  a  condensing  engine.  What  takes  place  during  one  revolution  or 
one  double  stroke  of  the  piston  ?  A  certain  quantity  of  water  of  low  tempera- 
ture is  forced  by  the  feed-pump  into  the  boiler,  it  is  there  heated  and  converted 
into  saturated  steam  of  a  temperature  above  100**  C.  The  water  in  this  new 
condition  enters  the  cylinder,  raises  the  piston,  expands  in  volume,  and  finally 
returns  to  the  condenser,  where  it  retakes  its  original  condition,  vis.,  water  of 
low  temperature.  We  have  thus,  at  the  end  of  this  cyde  of  changes,  every- 
thing in  the  same  condition  as  at  first.  Not  only  are  all  parts  of  the  machine 
in  the  same  relative  position,  but  the  moving  agent  also  has  returned  to  pre- 
cisely its  original  condition.  (The  amount  of  water  which  is  injected  into  the 
condenser,  In  order  to  condense  the  steam,  need  cause  no  confusion  ;  this  water 
is  simply  a  cooling  agent,  which  might  be  replaced  by  any  other  without  isbang- 
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lag  ili6  opefmtlon  of  the  mtohine.  Thus,  for  example,  wermay  have  for  the 
eondenser  a  spiral  pipe  immerBed  in  cold  water,  and  which,  therefore,  contains 
only  that  amount  of  water  which  is  used  in  one  stroke  of  the  piston.)  In  such 
a  ease,  it  is  at  once  evident  that  at  the  begioning  and  end  of  each  period  of  the 
machine,  the  conditions  both  of  the  fluid  motor  and  of  the  mechanism  are  pre- 
cisely the  same,  and  we  can  at  once  conclude  that  the  sum  of  the  works  during 
that  period  within  the  machine  must  be  sero.  This  separation  of  the  motive 
and  oooling  fluids  is,  in  fact,  actaalljr  accomplished  in  those  engines  worked  by 
ether  or  chloroform  steam  ;  it  would  be  in  like  manner  allowable,  in  principle 
at  least,  in  ordinary  steam-engines.  The  motive  work  of  the  steam  is  com- 
puted, like  the  work  of  friction,  by  an  empirical  expression  for  an  imperfectly 
known  fack  In  reality,  the  sum  of  the  works  of  all  the  elementary  forces,  i»e,, 
the  work  of  the  mutual  actions  exerted  by  the  molecules  of  the.  liquid,  of  the 
steam  and  of  the  parts  of  the  machine,  are  equal  to  zero.  And  yet  the  machine 
\b  continually  imparting  living  force  to  exterior  bodies,  raising  weights,  shaping 
metals,  in  short,  performing  work.  Perpetual  motion  seems  accomplished. 
The  outer  work  of  the  machine  does  not  seem  to  correspond  either  to  an  equiv- 
alent work  within  the  machine,  nor  yet  to  a  disappearance  of  living  force. 

Such,  at  least,  is  the  state  of  things  so  long  as  we  recognise  in  the  steam- 
engine  purely  mechanical  processes  only ;  so  long,  at  least,  as  we  do  not  search 
for  other  living  forces  than  those  possessed  by  the  visible  portions  of  the  ma- 
ehlne.  The  difllculty,  however,  vanishes  as  soon  as  we  take  into  account  the 
living  force  of  the  heatw  During  the  action  of  the  machine,  the  steam  gener- 
ated takes  away  heat  with  it  from  the  boiler,  and  gives  up  heat  in  the  con- 
denser, where  it  becomes  water  again.  If  these  two  quantities  of  heat  were 
equal,  the  difficulty  already  noticed  would  still  hold  in  full  force.  If,  however, 
they  are  not  equal ;  if  the  quantity  of  heat  received  by  the  condenser,  or  carried 
away  bf  the  cooling  water,  is  less  than  that  furnished  by  the  boiler,  then  the 
difficulty  is  solved.  The  disappearance  of  a  certain  quantity  of  heat  during 
the  cycle  of  changes,  corresponds,  in  fact,  according  to  our  new  principle,  to 
the  disappearance  of  a  certain  amount  of  living  force. 

In  the  same  time  in  which  outer  work  is  performed  by  the  machine,,  or  liv- 
ing force  is  developed,  an  equivalent  quantity  of  living  force  disappears  within 
the  machine,  and  the  general  laws  of  mechanics  hold  good. 

In  order  to  confirm  this  conclusion  experimental  proof  is  necessary;  We 
must  measure,  on  the  one  hand,  the  work  of  the  machine,  and  on  the  other,, 
the  lofls  of  heat  within  the  machine,  and  then,  if  our  conclusions  ase  correct, 
there  must  be  found  between  the  two  a  certain  constant  relation.. 

The  ne6essity  for  the  existence  of  such  a  constant  relation  will  be  evident, 
without  repeating  the  considerations  which  in  the  case  of  friction  led  us  to  a. 
rtmilar  conclusion. 

For  every  unit  of  heat  which  disappears  in  the  machine,  it  must  furnish' 
4S4  units  of  outer  work,  or  it  must  generate  an  equal  quantity  of  living  force. 

The  experiment  is  difficult,  much  more  so  than  the  experiments  of  Joule* 
upon  friction  ;  but  it  has  been  performed,  and  witliout  going  into  details,  L. 
vrill  endeavor  to  point  out  the  various  operations  which  compose  it.  In  an  en*> 
gine  whose  motion  has  become  constant,  the  quantity  of  steam  used  for  a  cer- 
tain number  of  strokes  is  measured  ;  the  physical  condition  of  this  steam  as  it 
enters  the  cylinder  from  the  boiler  is  exactly  determined  by  measuring  its  tenu 
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peratnre  and  pressure  ;  we  also  so  arrange  that  it  shall  enter  the  cylinder  with- 
out carrying  with  it,  mechanically  suspended,  any  appreciable  amount  of  watery 
particles,  and  without  being  heated  above  its  point  of  saturation.  All  these 
conditions  being  satisfied,  we  have,  in  connection  with  our  knowledge  of  the 
total  heat  required  for  vaporization  (made  known  by  the  experiments  of  Reg- 
nault),  all  the  data  which  we  need  in  order  to  calculate  the  amount  of  heat 
used  in  a  given  time  in  order  to  convert  the  water  in  the  condenser  into  steam. 

On  the  other  hand,  we  can  find,  without  great  difficalty,  the  quantity  of 
heat  which  in  the  same  time  is  given  up  in  the  condenser.  It  is  sufficient  to 
determine  the  quantity  of  water  used  for  cooling,  which  is  necessary  to  pre- 
serve the  temperature  of  the  condenser  constant  in  spite  of  the  continual 
admission  of  steam,  and  also  the  temperature  of  the  condenser  and  that  of 
the  reservoir  from  which  the  cooling  water  is  taken. 

Thus,  in  the  first  case,  if  the  water  to  be  converted  into  steam  enters  the 

boiler  with  the  temperature  of  0**,  and  if  T  is  the  temperature  of  the  steam, 

we  have,  according  to  Begnault's  experiments,  for  the  formation  of  each  unit 

in  weight  of  steam, 

fl06.6  +  0.806r' 

heat  units.  But  the  water  comes  from  the  condenser  where  the  temperature 
is  <*;  the  heat  received,  therefore,  is  less  than  that  which  is  necessary  to  raise 
each  unit  in  weight  of  water  from  0°  to  T**  by  the  amount  which  is  necessary 
to  raise  it  from  C*  to  f",  or  by  i  heat  units.  This  is,  regarding  the  specific 
heat  of  the  water  as  constant,  tolerably  exact  for  those  limits  of  temperaturo 
which  the  condenser  never  exceeds. 

In  the  second  case,  let  V  be  the  temperature  of  the  condenser,  and  0  the 
temperature  and  p  the  weight  of  the  injection  water  in  a  given  time.  The 
heat  given  out  by  the  concentration  of  the  steam  must  be  equal  to  that 
absorbed  by  the  injection  water.  This  heat  is,  then,  that  which  is  necessary 
to  raise  p  imits  weight  of  water  from  0"  to  V,  or  it  is  equal  to 

The  calorimetric  part  of  the  experiment  is  completed  by  determining  and 
adding  the  losses  of  heat  due  to  conduction,  radiation,  and  distarbanoes  of  the 
air.  The  most  difficult  part  of  the  experiment  is  the  mechanical.  In  deter- 
mining the  total  work  of  the  machine  we  cannot  use  the  friction  brake.  If  we 
do,  we  shall  only  determine  the  useful  work,  to  which  we  should  then  have  to 
add  the  work  absorbed  by  the  passive  resistances,  which  latter  are  almost 
impossible  of  exact  determination.  We  must  therefore  adopt  an  entiroly 
different  method.  Tlius,  by  means  of  the  steam  indicator,  we  c^  find  the 
mean  pressure  of  the  steam  upon  the  piston,  and  then,  knowing  the  length  of 
stroke,  can  determine  accurately  the  total  work  performed.* 

*  Thus  we  may  conceive,  instead  of  the  actual  pressnre  of  the  steam  upon  the  piston,  a 
Binking  weight  and  pnlley  so  arranged  that  the  motion  of  the  machine  is  unchanged.  The 
work  of  the  falling  weight  Is  that  which  we  call  the  motive  work  of  the  machine,  and  Is  exactly 
that  which  we  obtain  by  the  measorement  in  the  text.  In  reality  there  is  a  complete  compen- 
istlon  between  the  positive  and  negative  work  of  the  forces  In  the  machine.  The  rising  of  the 
piatom  Is  a  constant  action,  and  the  mechanism  requires  for  this  action  a  force  of  definite  Inten- 
sity. We  can,  therefore,  without  contradiction,  continue  to  speak  of  the  work  of  the  steam  in 
the  machine.  We  shall  further  see  that,  very  probably,  the  steam  raises  the  piston  by  imparting 
aportionof  the  living  force  of  its  molecoles.   See  Mote  11,  at  the  end  of  these  lecturea. 
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TIm  BBBMrity  of  determining  BoceesalTe  valuM  of  %  pTBasiire  wUoh  THles 
l^tUlr,  pTereota  the  nM  of  Uie  ordin&rj  manometTlo  Kppantns,  bj  which  the 
dactie  fores  of  ate«m  may  be  meaaared  with  almOBt  alMolats  ezactnen.  We 
hare  to  miike  oae  of  the  ateam  Indicator.  In  spite  of  the  inaocnnclee  of 
thia  Inatrument,  which  waa  eonatriiDted  to  tDoet  practical  needs  rather  than 
thoee  of  acientlflo  InTcetlgatloo,  the  leanllB  obtained  anawer  nnmistakablj 
the  queatloD  at  iaane.* 

This  long  and  laborioiu  work,  the  chief  steps  of  which  we  have  thus 
detailed,  has  been  noceaefnllj  perfonned  by  Elm,  who  knew  how  to  make 
me  of  a  large  factory  for  the  Bolntlon  of  an  ittatract  qneatioa  of  srience. 
His  measiuements  were  made,  not  npoD  a  niintatare  model  In  a  edentifie 
eollectlon,  nor  in  the  laboratory  ;  bnt  upon  engines  of  100  and  2D0  horse- 
power, and  In  the  Tory  halls  of  lndustr7.  These  clrcamstancee  had  two 
especial  adrantagea.  On  the  one  hand  they  met  the  objections  of  practical 
nwn,  who  are  dlspoeed  to  regard  with  distrust  what  they  call  "  cabinet  eiperi- 
laents  ;  "  on  the  other  hand,  and  this  Is  etlll  more  important,  by  reason  of 
the  large  dlmenstoni  of  apparatns  and  the  long  duration  of  the  eiperiments, 
tliose  thoDsand  accidental  disturbaooes  which  ever  attend  now  dlacoTeriea 
ooold  tie  eliminated. 

■  Tba  Indlutor  conatsU  at  ■  mull  cjllnder  C,  fig.  1,  wlth[Q  whieb  movea  tha  pitton  K, 
stlKbed  (o  therpiing/.  Tha  ip4ce  below  the  piiUm  commnnicalei  with  the  cTlIsdR  of  tha 
aciiK.  A*  Uu  pmnon  Incnaaca  or  dimlnlitiM,  Uii  plilon  rUe*  or  tdlt.  A  pencil  O,  which 
pntakM  of  ttw  moUon  of  tlia  piitOD,  deacrlbH  k  Una  npoD  a  itrlp  Dl  ftfu  wound  uoand 
Ibc  drnm  O.    Hill 


b  Bade  to  KvolTS 
tndk  dnrbic  the  re-  | 


uoCthepli- 
loa.  U  tbe  pinoB 
wtn  withoot  frlc- 
tlpa,lliesnaoflhla  Fia.  1. 

fnBdte  itnlglil  Itnc  daofbHl  when  thepiMtora  on  both  aldee  of  the  pMon  li  contfaotud 
•qui  (0  Ihe  ilnxirpherle  premiv,  will  be  proportloDKl  to  (he  loUl  illipowbl*  w<rtt.  We  Me 
thai  It  la  ImposalUe  to  ootnet  tha  IndBancc  ot  frkUoD  bjr  any  gradoaUoiL 
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Rightly  interpreted,  the  experlmentB  of  Him  famished  reenlte  which  joa, 
no  doubt,  can  anticipate.  Thej  showed  that  the  steam  aetnallf  gave  np  less 
heat  in  the  condenser  than  it  had  received  in  the  boiler,  and  that  the  heat 
absorbed  in  the  machine  was  proportioual  to  the  actual  work  of  the  steam. 
The  ratio  of  these  two  quantities  famished  a  new  determination  of  the  mechani- 
cal equivalent  of  heat,  which  nearly  approached  the  determinations  of  Joule 
and  Favre.  Thas,  although  indiyidual  results  vary  within  considerable  limits, 
the  mean  of  Him's  experiments  gives  418,  or  just  the  same  as  that  found  by 
Favre  for  the  friction  of  steel  on  steel,  and  but  very  little  different  from  the 
results  of  Joule.  It  must  be  confessed  that  Him  drew  entirely  different  oon- 
dusions  from  his  experiments ;  but  you  will,  I  think,  hardly  be  inclined  to 
cc^ncide  with  his  views.  He  compared  the  heat  consumption  of  his  engine, 
not  with  the  entire  work  of  the  steam,  but  only  with  that  portion  correspond- 
ing to  its  expansion.  You  will  also,  I  think,  agree  with  me,  that  such  a 
division  into  two  parts  of  the  work  is  equivalent  to  the  assumption  that,  in 
the  period  preceding  expansion,  while  the  machine  works  with  full  steam 
pressure,  its  work  Is  nothing,  and  that  appreciation  which  is  the  Just  due  of 
the  skillful  experimenter  will  not,  I  trust,  blind  you  to  the  error  of  his  eon* 
elusions.*  (It  is  but  just  to  add  that  in  later  works  Him  has  acknowledged 
his  error  and  correctly  interpreted  his  experiments.) 


VL 

You  will  now,  I  trust,  follow  with  confidence  the  generalisations  which  I 
shall  lay  before  you.  We  have  now,  in  fact,  arrived  at  the  same  results  by 
two  entirely  different  ways.  The  study  of  two  phenomena,  of  entirely  differ- 
ent character,  has  shown  us,  that  as  soon  as  all  the  heat  is  converted  into  work, 
in  both  cases,  we  obtain  the  same  numerical  relation  for  the  transformation. 
I  might  now,  without  trespassing  against  the  rules  of  experimental  methods, 
expect  you  to  recognise  in  this  a  perfectly  general  relation.  I  might  remind 
you  that  the  greatest  scientific  discoveries  are,  for  the  most  part,  the  result  of 
no  larger  number  of  experiments,  and  a  no  better  agreement  of  results.  I 
would  like,  however,  to  remove  every  lingering  trace  of  doubt,  and  prove  to 
you  that  it  is  impossible  for  two  different  experiments  to  give  as  a  value  for 
the  mechanical  equivalent  two  essentially  different  results,  i.  e.,  two  values, 
whose  difference,  if  any,  cannot  be  entirely  ascribed  to  unavoidable  errors  of 
observation. 

In  honor  of  Joule,  to  whom  we  owe  its  first  exact  determination,  let  us 
denote  the  mechanical  equivalent  by  J,  Let  this  be  the  value  as  determined 
by  observations  upon  the  steam  engine,  and  let  us  suppose  for  a  moment 
that  this  value  does  not  coincide  with  that  determined  in  some  other  manner. 
That  is,  suppose  that  we  are  able  by  the  expenditure  of  a  certain  amount  of 

work,  L,  to  generate  a  greater  amount  of  heat  than  j.    Let  this  amount  of 

heat  be  L  ,^      .^ 

J  (1  +  *), 


■•  8«e  Kotes  8  and  8  St  cloae  of  thew  toctmes,  also  Note  88. 
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and  let  va  suppose  that  it  is  then  applied  in  a  steam  engine  for  the  production 
of  work.    The  work  obtained  will  then  be 

or,  what  is  the  same  thing,  we  have  stored  up  in  the  fly-wheel  of  the  engine  a 
living  force 

xa  +  A)- 

This  liying  force  we  can  now  convert  back  into  heat  by  the  first  process,  and 
we  thus  obtain  the  heat 

Z(l  +  A)„      -.      X^      -,. 
J      a-*-  A)  =  J (!+*)•• 

Again,  using  this  quantity  of  heat  in  the  steam  engine,  we  obtain  in  the 
fly-wheel  a  living  foroe 

and  aceordingly  a  velocity  gieater  than  before. 

But  the  steam  engine  and  the  other  apparatus,  whatever  it  may  be,  by 
which  the  work  Is  transformed  into  heat,  may  be  c(msidersd  as  forming  one 
sgrstem.  It  follows,  therefbre,  from  our  supposition,  that  in  any  period  during 
which  all  the  moving  parts  have  returned  to  their  initial  positions^  the  living 
fome  has  Incrsased  from 

X(l+A)        to        X  (!  +  *)». 

Perpetual  motion  is  therefore  accomplished.  The  supposition  is  therefore 
Impossible. 

Inversely,  let  us  consider  a  process  by  which  heat  is  transformed  into  work, 
and  assome  that  it  is  possible  by  the  use  of  a  quantity  of  heat,  Q,  to  generate 
a  greater  amount  of  work  than  Q/.  The  consequence  of  this  supposition  will 
be  a  contradiction  similar  to  the  preceding.  For  this  process  it  may  be  re- 
marked that  the  steam  engine  is  a  reversible  apparatus.  Ordinarily  it  trans- 
forms heat  into  work,  but  by  the  application  of  outer  forces  its  action  may  be 
reversed,  and  work  may  be  transformed  into  heat.  The  motion  of  the  piston, 
caused  by  outer  forces,  will  gradually  vaporize  the  water  in  the  condenser, 
and  the  steam  thus  generated  will  be  compressed  in  the  cylinder  until  it  is 
ehanged  into  saturated  steam  of  the  temperature  of  the  boiler,  and  finally, 
this  steam  will  be  compressed  into  water  of  the  boiler  temperature. 

The  steam  actually  brings  then  more  heat  to  the  l)oiler  than  it  starts  with 
In  the  condenser.  There  is  an  expenditure  of  work  and  a  generation  of  heat. 
In  order  to  obtain  perpetoal  motion  nothing  more  is  necessary,  then,  than  to 
vnite  in  one  system  a  steam  engine,  whose  action  is  reversed,  with  an  apparatus 
which,  according  to  the  supposition,  can  produce  from  the  quantity  of  heat  Q 
•  greater  work  than  Q/.  I  need  hardly  add  that  in  a  precisely  similar  way 
we  can  prove  that  no  process  can  give  for  the  mechanical  equivalent  any  other 
Talue  than  the  constant  one,  J,  Our  conclusions  have  thus  brought  us  to  a 
perfectly  general  natural  law.  Let  us  endeavor  to  formulate  these  oonclasions 
into  a  series  of  principles  which  shall  accurately  express  their  essence  and 
make  evident  their  application. 

1.  To  "generate  heat "  means  to  impart  to  the  ponderable  or  imponderable 
molecules  of  one  or  more  bodies  a  certain  amount  of  living  force;  if  the  bodies 
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thereby  ehange  their  Tolume,  a  certain  work  is  performed  wbieli  is  eqaiTalent 
to  a  certain  qnantity  of  living  force. 

3.  In  every  application  of  the  equation  of  work  it  is  necessary  to  take  into 
acooont  not  only  the  visible  living  forces,  but  also,  by  means  of  tiie  mechanical 
equivalent,  the  heat  absorbed  or  set  free. 

8.  In  all  cases  in  which  we  fail  to  find  equilibrinm  between  the  sum  of  the 
works  of  the  forces  and  the  change  in  the  living  forces,  or  when  such  equili- 
brium can  apparently  only  be  effected  by  the  introduction  of  an  empirical 
term,  as,  for  example,  by  introducing  the  work  of  friction,  or  by  the  assump- 
tion of  a  loss  of  living  force,  as  in  the  impact  of  bodies,  we  must  have,  to- 
gether with  the  mechanical,  heat  phenomena  also,  which  restore  the  equili- 
brium. 

4  When  the  sum  of  the  works  of  the  forces  exceeds  the  increase  in  the 
sums  of  the  living  forces,  we  have  a  generation  of  heat  of  just  so  many  heat 
units  as  424  is  conuined  in  such  excess.* 

5.  If  the  sum  of  the  work  of  the  moving  forces  is  less  than  the  increase  in 
the  sum  of  the  living  forces,  we  have  a  disappearance  of  heat  of  Just  so  many 
heat  units  as  424  is  contained  in  such  difference. 

Is  it  necessary  to  insist  upon  the  importance  of  these  principles  Y  Who 
does  not  recognize  that  their  influence  extends  through  the  whole  range  of 
science  ?  Who  can  fail  to  see  that  every  process  which  is  baaed  finally  upon 
motion  falls  under  the  scope  of  these  mechanical  laws  and  includes  in  it  an 
application  of  the  equation  of  living  forces  ?  Who  will  not  at  once  perceive 
that  every  application  in  which  these  laws  are  not  regarded,  must  be  at  once 
rejected,  as  soon  as  it  is  known,  or  even  suspected,  that  heat  phenomena  are 
bound  up  with  the  mechanical  1  I  venture  to  assert  that  there  is  not  a  natural 
science  which  can  elude  the  necessity  of  this  new  test.  Physiology  and  astron- 
omy have  need  of  it  equally  with  physics  and  chemistry. 

This  revision  of  scientific  results  is,  moreover,  not  merely  a  laborious  work 
of  correction,  which  at  most  allows  the  hope  of  discovering  in  certain  phenom- 
ena the  influence  of  certain  disturbing  causes  whose  effect  may  be  more  or  less 
difficult  of  calculation ;  or  which  renders  more  exact  the  determination  of 
some  numerical  coefficient;  it  constitutes  one  of  the  most  fruitful  studies 
which  true  science  can  undertake,  and  is  especially  suited  to  bring  to  light 
relations  between  apparently  the  most  diverse  phenomena.  The  single  exam- 
ple of  friction  teaches  us  what  the  new  theory  can  accomplish  in  directions 
which  are  generally  supposed  to  have  been  thoroughly  investigated  already. 


VIL 

Let  us  now  endeavor  to  test  the  value  of  these  considerations,  so  far  as  is 
possible  within  the  narrow  limits  to  which  we  must  conflne  ourselves.  We 
shall  see  that,  from  the  very  first  step,  they  will  lead  us,  not  merely  to  super- 
ficial approximations,  but  to  exact  relations  which  may  be  verified  by  experi- 
ment. The  consequence  of  such  comparisons  must  be  a  continual  verification, 
d  poHeriori,  of  the  absolute  generality  of  our  new  principles.    Let  us  first 

•See  Note  4. 
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consider,  as  is  most  natnn],  the  changes  which  heat  causes  in  the  volume  and 
condition  of  bodies. 

I  scarcely  need  remind  you  that  every  body  when  it  changes  in  tempera- 
ture changes  also  in  volnme,  and  that  when  the  temperature  reaches  a  certain 
point  for  each  body,  that  sadden  change  takes  place  which  we  call  liqutfaetion 
or  taporizaUon.  The  body  passes  from  the  solid  condition  to  the  liquid,  or 
from  the  liquid  to  the  gaseous,  or  the  reverse.  No  part  of  science  has  been 
oftener  investigated,  and  yet,  in  the  absence  of  our  new  principles,  no  part 
seems  to  have  made  less  progress.  The  chapters  which  treat  of  this  subject, 
even  in  the  most  recent  text-books,  contain  little  more  than  a  presentation  of 
the  most  exact  experimental  methods  of  determining  the  most  reliable  coeffi- 
cients of  expansion,  the  specific  heat  and  latent  heat  of  substances,  and  tables 
in  which  these  numerical  values  are  given.  All  these  phenomena  are  given  as 
if  entirely  independent  of  each  other. 

This  want  of  connection  between  the  various  properties  of  the  same  body, 
or  between  similar  properties  of  different  bodies,  is  certainly  very  unsatisfac- 
tory. So  long  as  no  bond  of  union  exists  between  isolated  facts,  even  the  best 
observations  can  no  more  constitute  a  science  than  carefully  cut  stones,  ar- 
ranged in  order  of  size  and  shape,  can  constitute  a  building. 

It  is,  moreover,  worth  observing,  that  the  actual  progress  of  science  has,  at 
certain  periods,  rather  made  this  condition  of  things  worse  than  better.  The 
condition  in  physics  has  gradually  become  what  it  might  have  been  in  astron- 
omj,  if  the  perfection  of  methods  of  observation  had  progressed  more  rapidlj 
than  the  progress  in  theory — if,  for  example,  the  discovery  of  achromatism  or 
the  improvement  in  circle  graduation  of  recent  times  had  followed  imme- 
diately the  publication  of  Keppler's  laws,  instead  of  following,  as  they  did, 
long  after  the  discovery  of  the  universal  law  of  gravitation.  For  about  thirty 
years  science  possessed,  or  thought  that  It  possessed,  in  Mariotte's  laws,  the 
laws  of  the  expansion  of  gases,*  and  the  laws  of  Dulong,  Petit,  and  Neumann 
relating  to  specific  heat,  laws  analogous  to  those  of  Eeppler.  The  marvelous 
improvement  in  experimental  methods  since  that  time,  recalled  by  the  mere 
mention  of  the  names  of  Budberg,  Magnus,  and  Regnault,  led,  as  a  natural 
and  direct  consequence,  to  a  knowledge  of  the  deviations  of  these  laws  fromi 
the  reality,  and  there  were  no  theoretical  views  which  could  reconcile  these* 
disagreements,  and  refer  both  laws  and  deviations  back  to  the  same  causes. 
The  importance  of  these  laws  themselves  soon  seemed  less  than  that  of  empiri- 
cal formulae,  which  represented  approximately  and  with  more  or  less  exact- 
ness the  general  features  of  the  phenomena.  Thus  it  was  that  science  seemed, 
little  by  little,  to  destroy  itself.  The  Mechanical  Theory  of  Heat  has  changed 
all  this.  It  has  not  only  put  a  new  phase  upon  the  phenomena  themselves,  Bair 
it  has  fundamentally  changed  our  conception  of  them  ;  in  many  cases  it  has 
even  pointed  out  the  reasons  of  variation.  If  we  assume  a  certain  amount  of 
beat  imparted  to  a  body,  the  volume  changes,  and  so  also  does  the  totality  of 
its  properties,  which  we  express  by  saying  that  its  "  temperature  la  increased." 
If,  however,  in  the  degree  that  a  body  is  heated,  we  increase  tlie  onter  press- 
are  upon  its  surface,  we  can  completely  prevent  its  expansion,  and  we  find' 
that  in  this  case  the  amount  of  heat  necessary  to  raise  its  temperature  is  l$u 
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than  before.  If  the  rise  of  temperature  is  in  both  cases  the  same  arbitraij 
unit  of  some  thermometric  scale,  then  the  two  quantities  of  heat  are,  the  one, 
the  specific  heat  by  constant  pressure,  the  other,  the  specific  heat  by  constant 
rolume.  Their  difference  is  the  latent  heat  of  expansion.  The  expression 
"  latent  heat "  means  simply  the  heat  imparted  to  the  body  which  has  no 
effect  upon  the  thermometer. 

What,  now,  is  the  mechanical  view  of  this  process  ?  To  heat  a  body — ^to 
draw  heat  fh>m  a  certain  source  and  cause  it  to  enter  another  body — ^means  to 
diminish  the  living  force  of  the  source  by  a  certain  amount,  and  to  cause  in  the 
body  mechanical  processes  which  are  equivalent  to  this  diminution.  If  the 
volume  is  unchanged,  we  have  simply  an  increase  of  the  sum  of  the  living 
forces  of  the  particles  (rise  of  temperature),  and  it  may  be,  a  certain  work  due 
to  a  change  in  the  relative  position  of  the  molecules.*  If  the  pressure  is 
constant,  the  volume  increases,  and  there  is  a  new  work  which  we  may  divide 
into  two  parts.  First,  the  distances  of  the  molecules  are  increased,  while  their 
mutual  actions  tend  to  keep  them  in  their  old  positions.  We  have,  therefore, 
a  work  performed  in  thus  separating  them,  which  we  may  call  "  disgregation 
work,"  and  regard  as  negative,  since  the  molecular  forces  oppose  the  displace- 
ments. Second,  the  body  expands  against  the  outer  pressure  of  the  atmos- 
phere. This  constitutes  another  work  which  is  also  negative,  and  which  we 
may  call  "  outer  work."  The  excess  of  the  specific  heat  by  constant  pressure 
over  the  specific  heat  for  constant  volume,  or  the  latent  heat  of  expansion,  is 
therefore  that  amount  of  heat  which  is  withdrawn  from  the  source  while  these 
works  are  performed.  Expressed  in  heat  units,  it  must  be  equal  to  the 
quotient  of  the  sum  of  both  these  works  divided  by  the  mechanical  equivalent. 

Consider  now  the  double  result  of  our  conclusions.  First,  we  have  learned 
what  latent  heat  is.  We  have  seen  that  it  is  that  heat  which  disappears 
when  work  is  performed,  and  which  reappears  again  when,  by  means  of  outer 
forces,  an  equal  work  of  opposite  sign  is  performed. 

In  the  second  place,  we  can  determine  a  numerical  relation  between  two 
physical  constants  which  are  apparently  independent  of  each  other,  and  also 
the  mechanical  work  corresponding  to  a  given  change. 

Unfortunately  this  relation,  in  the  form  in  which  it  occurs,  is  of  no  use. 
Of  the  two  terms  which  form  the  left  side  of  the  equation,  only  one,  that  which 
gives  the  ''outer  work,"  can  be  accurately  determined.  This  is  evidently 
equal  to  the  product  of  the  pressure  and  of  the  increase  of  volume,  and  is 
accordingly  quite  considerable  for  gases  and  vapors,  and  very  small  for  liquid 
and  solid  bodies.  The  disgregation  work,  on  the  other  hand,  in  the  present 
state  of  science,  eludes  every  attempt  at  determination,  and  will,  without 
doubt,  do  so  for  a  long  time  to  come.  We  must  have  a  complete  knowledge 
of  the  interior  constitution  of  the  body,  in  order  to  determine  it,  and  it  is 
impossible  to  say  how  far  the  more  or  less  plausible  ideas  held  to-day  repre- 
sent the  actual  state  of  things.  A  great  error  is  committed  if,  as  sometimes 
happens,  it  is  sought  to  establish  an  equivalent  relation  between  the  heat 
absorbed  by  a  body  and  the  outer  work.  The  error  may  be  diminished,  but 
not  eliminated,  by  replacing  the  disgregation  work  of  a  body  by  the  work  of 
outer  forces,  which  cause  a  deformation  equal  to  the  expansion.  It  cannot  but 
be  a  cause  of  wonder,  if  determinations  of  the  mechanical  equivalent  based 

•  See  Kote  0. 
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upon  sach  a  method  of  detennination,  have  given  resnltR  which  closely  agree 
with  the  trae  results.* 

In  view  of  these  difflcalties,  it  would  seem  as  if  the  theory  must  soon  cease 
developing,  and  as  if  the  discovery  of  exact  relations  whose  numerical  value 
can  be  checked  by  experiment,  must  be  delayed  till  such  a  time  as  the  science 
of  physics  shall  have  said  its  last  word  as  to  the  nature  of  all  things.  We 
can,  however,  avoid  such  difficulties  by  means  of  a  method  or  artifice  which 
we  owe  to  Sadi  Camot.  Thus,  we  may,  without  knowing  anything  of  the 
interior  structure  of  bodies,  establish  such  relations  between  the  mechanical 
and  thermal  properties  of  bodies  as  shall  be  of  value,  by  considering  such  a 
sequence  of  changes  as  takes  place  during  a  process  in  which  the  initial  and 
final  conditions  are  alike,  and  hence  the  disgregation  work  zero. 

Let  us  consider  any  solid,  liquid,  or  gaseous  body,  which  has  the  tempera- 
ture I,  the  pressure  p,  and  the  volume  v.  Let  us  call  the  state  of  the  body,  as 
determined  by  these  three  conditions,  the  state  T,  and  represent  the  volume  «  by 
the  abecissa  OA,  Fig.  2,  the  tension  p  by  the  ordinate  AT,-  Now,  suppose  the 
outer  pressure  to  diminish,  and  while  the 
body  expands  let  us  impart  heat  to  it,  so 
that  its  temperature  changes  according  to 
any  given  law.  Let  this  continue  till  the 
body  comes  to  the  state  T',  for  which  it 
has  the  temperature  t\  the  volume  e',  and 
the  tension  p'.  Let  OB  =  «',  BT = p\  and 
let  the  abscissa  and  ordinate  of  the  curve 
TMT'  at  any  point  be  the  volume  and 
pressure  at  any  intermediate  state.  Call 
the  change  of  state  from  T  to  T\  D. 
During  this  change  a  certain  amount  of 
heat,  Q,  is  imparted  to  the  body,  and 
a  certain  outer  work  is  performed,  L, 

Both  quantities  can  be  calculated,  if,  for  the  limits  of  temperature  t  and 
t,  the  influence  of  the  outer  pressure  upon  the  volume  of  the  body  and  the 
amount  of  heat  which  the  body  requires  for  a  given  change  in  volume  and 
temperature,  are  given  by  experiment.  These  quantities  may  be  expressed 
theoretically,  in  terms  of  the  coefllcient  of  elasticity  and  the  two  specific  heats, 
prorided  that  we  regard  these  two  elements  as  functions  of  the  temperature 
and  the  volume.  The  work  L  is  therefore  given  in  the  figure  by  the  area 
between  the  curve  TUT'  and  the  axis  OB  and  the  two  extreme  ordinates  AT 
vABT'. 

Let  us  DOW  assume  that,  by  a  gradual  increase  of  the  outer  pressure,  the 
body  is  brought  back  to  its  original  state,  and  that  during  this  change,  which 
we  may  call  jy,  we  continually  subtract  heat  from  the  body  as  it  is  compressed, 
so  that  its  temperature  for  any  given  volume  is  less  than  during  the  change  D, 
ezeepi  at  the  beginning  and  end  of  the  entire  experiment.  The  body  thus 
Anally  comes  back  to  Its  original  condition,  but  at  all  intermediate  states  of  the 
change  ly,  the  pressure  corresponding  to  a  given  volume  is  leu  than  during 
the  change  2>.  The  curve  TNT',  whidi  gives  this  second  relation  between 
pressure  and  volume,  consists  throughout,  with  the  exception  of  the  first  and 

*  See  Note  7. 
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last  x>oiiit8,  of  less  ordlnates  than  the  curve  TMT'.  The  area  between  the 
carve  TNT\  the  axis  OA,  and  the  extreme  ordinates,  gives  the  work  L'  per- 
formed upon  the  bodj  while  compressing  it,  and  evidentlj  we  must  have 

L'  <L. 

We  maj  also  compute  U  and  Q'  in  the  same  way  as  L  and  Q. 

These  two  operations,  D  and  D\  maj  be  regarded  as  parts  of  one  process  in 
which  the  initial  and  final  conditions  are  identical.  The  relative  position  of 
all  the  elements  of  the  body  are  the  same  at  the  beginning  and  end.  It  follows 
from  the  general  laws  of  mechanics,  that  there  must  be  a  complete  compensation 
between  Uie  work  of  the  molecular  forces  ;  that  the  inner  work,  corresponding 
to  the  transformation  2>,  must  be  exactly  equal  and  opposite  to  that  which 
corresponds  to  the  transformation  2>'.  We  have  then  nothing  to  do  with  it. 
Still,  L'  is  less  than  L,  We  see,  therefore,  that  the  lx)dy,  in  the  cycle  of 
changes  to  which  it  is  subjected,  moves  in  a  determined  law  from  its  initial 
state  to  another,  and  then,  according  to  another  determinate  law,  returns  to  its 
original  state,  and  during  this  cycle  it  performs  an  outer  work  equal  to  X  —  L\ 
which  is  represented  by  the  area  TMT'NT,  that  is,  by  the  differanoe  of  the  two 
areas  which  represent  the  works  L  and  L'.  No  inner  work  is  performed,  no 
sensible  living  force  has  disappeared,  therefore  a  certain  amount  of  heat  must 
have  disappeared  equivalent  to  the  work  done.  It  follows,  therefore,  first, 
that  the  body  during  the  change  D  has  received  more  heat  than  during  the 
change  ly  it  has  given  up.  Farther,  the  ratio  of  the  work  JD  —  X'  to  the  heat 
absorbed,  Q  —  Q',  is  equal  to  the  mechanical  equivalent.    The  formula 

which  we  thus  obtain,  gives  us  a  numerical  relation  between  the  mechanical 
and  thermal  phenomena,  the  study  of  which  is  usually  relegated  to  two  different 
departments  of  physics,  since  L  and  L\  Q  and  Q,  are  determined  by  means  of 
the  coefficients  of  elasticity,  the  two  kinds  of  specific  heat,  the  temperatures 
and  the  volumes.  We  may  obtain  as  nuuiy  sf»ecial  relations  as  we  suppose 
cycles  of  changes.  In  order  to  obtain  a  general  equation  which  shall  include 
all  these  cases,  it  will  be  sufficient  to  consider  the  change  as  infinitely  small. 
Then  the  above  formula  will  become  a  differential  equation,  whose  integration 
will  give  us  the  law  of  expansion  of  the  body  under  all  circumstances.  Two 
other  differential  equations,  obtained  by  analogous  reasoning,  and  containing 
other  elements,  give  the  laws  for  melting  and  vaporization.* 

vm. 

The  charaeter  of  these  lectures  forbids  any  use  of  the  Oaleulus.  Without 
noticing  any  further,  therefore,  these  differential  equations  or  their  conse- 
quences, let  us  direct  our  attention  to  a  certain  class  of  •bodies  of  which  we  can 
give  an  almost  complete  account,  simply  by  the  consideration  of  the  outer  work 
which  they  perform  under  the  action  of  heat.  It  has  for  a  long  time  been 
noticed  that  the  similarity  of  the  mechanical  and  thermal  peculiarities  of 
different  gases  seem  to  indicate  that  in  these  bodies  the  faifluenceof  the  mutual 
actions  of  the  molecules  is  not  noticeable. 

The  older  text-books  of  physics  held  generally  the  hypothesis  that  heat 

*  Sea  ITotM  8  and  9. 
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Bomeiliiiig  material,  and  ascribed  the  elastic  force  of  gases  to  the  repnlslTe 
force  of  the  absorbed  heat  upon  the  molecules.  Laplace  himself  deduced  fnnn 
SQch  yiews  the  law  of  Mariotte.  as  well  as  that  of  the  diffusion  of  gases  and 
of  their  expansion  iJMU.  C&ute,  IIy.  xii.,  chap.  2).  At  the  present  time,  when 
the  TiewB  as  to  the  nature  of  heat  have  undergone  such  great  changes,  the 
demonstration  of  Laplace  no  longer  holds  good ;  but  the  point  of  departure 
remains,  however,  the  same.  The  simplest  waj  of  explaining  how  it  can  be 
poasible  that  mechanical  action  and  heat  produce  almost  the  same  effects  upon 
Tarious  gases,  is  to  assume  that  at  the  distances  which  separate  the  molecules 
of  such  bodies  their  mutual  actions  are  imperceptible.  The  laws  of  the  diffu- 
sion of  gases  seem  indeed  to  impart  to  this  conception  the  character  of  necessity. 
If  the  molecular  forces  in  gases  had  any  appreciable  intensity,  those  existing 
between  two  molecules  of  the  same  kind,  and  between  two  molecules  of 
different  kinds^  would  not  be  the  same.  The  properties  of  a  mixture  of  two 
gases  most,  then,  be  different  from  those  of  a  simple  gas.  Every  one  knows, 
for  example,  that  from  a  physical  standpoint  no  other  differences  exist  between 
oxygen  and  air  except  the  density  and  the  coefficient  of  refraction ;  while  all 
those  properties  which  depend  upon  the  mutual  interaction  of  the  molecules 
are  exactly  the  same.  From  this  follow  two  consequences  :  First,  if  in  gases 
the  molecular  forces  are  almost  aero,  it  is  impossible  to  frame  any  conception 
of  the  eonstitution  and  general  properties  of  such  bodies,  without  assuming 
that  their  molecules  possess  a  considerable  velocity,  which  is  greater  the  higher 
the  temperature,  and  that  these  molecules  by  their  impact  cause  pressure. 
Second,  the  change  of  volume  of  a  gas  is  not  accompanied  by  any  disgr^gation 
work  at  all  comparable  with  the  outer. 

The  development  of  the  first  of  these  consequences  has  given  rise  to  views 
upon  the  constitution  of  gases  which  have  replaced  those  of  Laplace.  I  make 
here  merely  this  passing  reference,  as  I  do  not  wish  to  lay  down  anything  in 
these  lectures  which  rests  at  bottom  upon  hypothesis.*  The  second  conse- 
qaenee  is  susceptible  of  direct  confirmation  by  experiment.  Thus,  if  we  allow 
a  gas  to  expand  without  overcoming  any  outer  resistance,  that  is,  without  per- 
forming  any  outer  work,  and  if  the  disgregation  work  is  also  aero,  and  the  gas, 
both  at  the  beginning  and  end  of  the  experiment,  is  at  rest,  there  can  be  neither 
abaorption  nor  generation  of  heat. 

This  assertion  may  excite  astonishment,  since  it  appears  at  variance  with 
well  known  facts.  All  of  us  are  familiar  with  the  simple  experiment  of  putting 
a  thermometer  under  the  receiver  of  an  air-pump,  in  order  to  observe  the 
decrease  of  temperature  which  occurs  at  the  very  first  stroke  of  the  pump. 
We  also  know  that  when  air  which  has  been  greatly  compressed  in  a  reservoir 
is  allowed  to  issue  in  a  Jet  into  the  room,  it  may  cool  to  such  a  degree  that  the 
vapor  contained  in  it  is  froien  and  deposited  upon  surrounding  bodies  in  the 
diape  of  frost. 

In  view  of  such  facts  it  appears  surprising  when  we  assert  that  a  gas  may, 
under  certain  condiUons,  expand  without  cooling.  It  is  nevertheless  really  so. 
In  a  metallic  reservoir  B,  Fig.  8,  communicating  by  a  pipe  and  cock  with  the 
equal  reservoir  B,  Joule  has  compressed  air  under  a  pressure  of  22  atmos- 
pheres, while  the  reservoir  E  was  exhausted.    Both  were  then  immersed  in  a 
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Teasel  full  of  water  and  the  cock  D  opened.  The  air  in  i?  mshed  in  to  E,  and 
its  Tolame  was  tlins  doubled,  while  there  was,  of  course,  no  resistance  to  its 
expansion,  except  the  small  amount  of  air  which  might  remain  in  E  after 
exhaustion.  Although  the  tension  of  the  air  decreased  from  22  to  11  atmos- 
pheres, there  could  be  then  no  outer  work  performed,  since  at  both  the  begin- 
ning and  end  of  the  experiment  all  parts  of  the  apparatus  and  of  the  gas  were 
at  rest.  In  perfect  accord  with  theory,  it  was  found  that  there  was  no  absorp- 
tion of  heat.  The  most  sensitive  thermometer  immersed  in  the  water  which 
surrounded  both  R  and  E  showed  not  the  least  change  when  the  cock  2>  was 

opened. 

It  is  not  difficult  to  see  why  under  the 
receiver  of  the  air-pump,  or  in  efflux  into 
the  air,  the  expansion  is  accompanied  by 
absorption  of  heat.  If  we  consider  closely 
the  case  of  the  air-pump,  we  see  that  a 
part  of  the  work  required  to  work  it  is 
furnished  by  the  pressure  of  the  air  re- 
moved. Outer  work  is  thus  performed  at 
every  stroke,  and  heat  correspondingly  ab- 
sorbed.  We  could  not,  therefore,  have  a 
better  confirmation  of  our  new  principles. 
In  the  efflux  of  air  it  rushes  with  great  velocity  from  the  reservoir,  driving  the 
outside  air  before  it  and  thus  performs  work.  Hence  the  cooling  with  which 
we  are  familiar. 

If  we  alter  Joule's  experiment  so  as  to  perform  outer  work  or  generate  living 
force,  we  shall  find  that  heat  is  absorbed.  Thus,  if  we  remove  the  reservoir 
Et  and  fasten  to  2>  a  hose,  and  thus  allow  the  air  to  discharge  into  a  laige  bell- 
glass  filled  with  water  and  inverted  in  the  pneumatic  bath,  the  water  will  be 
forced  out  against  the  pressure  of  the  atmosphere,  and  a  thermometer  in  R  will 
show  a  decrease  of  temperature  due  to  the  disappearance  of  heat  corresponding 
to  the  outer  work  performed.  We  can  easily  see  that  such  an  experiment  may 
lead  to  a  determination  of  the  mechanical  equivalent.  In  this  way  Joule  found 
441,  a  result  very  closely  agreeing  with  his  others,  the  deviation  being  com- 
pletely attributable  to  the  unavoidable  errors  of  observation.  Thus  disappears 
the  apparent  contradiction  between  what  we  may  call  the  old  and  new  physics. 
In  order,  however,  to  leave  not  the  slightest  doubt  or  uncertainty  upon  so 
important  a  point,  let  me  try  to  meet  in  advance  an  objection  which  has,  with- 
out doubt,  already  occurred  to  you.  Let  us  look  somewhat  deeper  into  this 
process.  Conceive  in  the  reservoir  R  that  portion  of  the  gas  which,  after  the 
experiment  is  completed,  just  fills  this  reservoir.  Why  does  not  ihU  portion 
cool  during  the  expansion  ?  It  is  in  every  respect  similar,  and  in  similar  cir- 
cumstances, to  the  same  portion  of  the  gas  in  the  second  experiment,  where  its 
expansion  was  accompanied  by  a  decrease  of  temperature.  In  both  cases  this 
portion  expands  against  the  pressure  of  the  rest  of  the  gas.  To  say  that  in  the 
one  case  it  preserved  its  temperature,  and  in  the  other  case  loses  it,  would  seem 
to  imply  that  it  knew  what  was  going  on  outside,  and  was  gifted  with  intelli- 
gence and  choice  of  action. 

We  do  not,  in  general,  willingly  receive  anything  against  a  theory  which  is 
regarded  by  the  highest  scientific  authorities  as  correct    It  seems  a  thankless 
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taak  to  give  audible  expreaeloD  to  difficalties  like  the  above ;  yet,  at  tbe  bot- 
tom of  one's  heart  ihej  must  Btill  remain  and  caase  a  ^ent  distrust  of  all 
sdenoe.    Let  us,  therefore,  see  if  we  can  lay  this  doubt. 

As  a  noiatter  of  fact,  that  portion  of  the  air,  in  Joule's  experiment,  which  re- 
mains behind  in  the  reservoir  B,  must,  and  doet  lose  heat  and  cool,  because 
during  the  experiment  it  oontinnally  imparts  living  force  to  that  portion  of  the 
alx  which  rushes  with  considerable  velocity  into  the  reservoir  E.  But  this  liv- 
ing force  immediately  disappears.  The  velocity  of  the  gas  entering  j^  is  de- 
stroyed by  the  friction  of  its  own  molecules  upon  each  other,  by  their  impact 
upon  the  walls  of  the  reservoir,  and  by  friction  in  the  communicating  pipe.  As 
soon  as  the  gas  ceases  to  enter,  therefore,  all  is  at  rest  But  this  living  force 
cannot  be  destroyed  without  a  gmeraiwn  of  heat  exactly  equal  to  that  which 
disappears  in  the  reservoir  B,  In  Joule's  experiment,  then,  no  change  of  tem- 
perature was  observed,  because  there  is  a  perfect  compensation  ;  the  friction  in 
E  replaces  the  heat  disappearing  in  B.  We  have  no  need,  then,  to  ascribe  to  the 
gas  any  inconceivable  properties ;  we  do  not  even  need  to  suppose  properties 
any  different  from  those  long  known.  We  can  also  easily  prove  our  conclusions 
by  experiment,  by  having  the  reservoirs  E  and  B  in  $eparate  vessels,  when  B 
will<be  found  to  absorb  heat  and  E  to  give  out  a  precisely  equal  amount. 

This  remarkable  experiment  of  Joule,  performed  in  1840,  more  than  any 
other  directed  attention  to  the  new  theory.  Regnault  repeated  it  in  every 
shape,  with  all  the  precautions  which  his  long  experience  in  calorimetric  re- 
searches rendered  available.  He  notified  the  Academy  in  April,  1858,  that  he 
had  completely  confirmed  it,  and  from  that  moment  he  counted  himself  among 
tbe  advocates  of  the  new  views. 

No  further  doubt  can  remain.  In  gases  the  disgregation  work  which  accom- 
panies expansion  or  compression  is  sero,  or  at  least  is  imperceptible  to  ordinary 
calorimetric  methods.*  Heat  when  imparted  to  a  gas  causes  only  two  effects, 
a  rise  of  temperature  ("  vibration  work  ")  and  outer  work.  If  the  rise  of  tem- 
permfture  is  one  deg^ree,  while  the  gas  expands  under  a  constant  pressure,  then 
the  outer  work  is  equal  to  the  product  of  this  pressure  into  the  increase  of 
volame.    If  F«  is  the  original  volume,  and  if  a  is  the  coefficient  of  expansion, 

then  for  a  rise  of  one  degree  the  increase  of  volume  will  be  a  V^,  and  the  new 

Y 
volume  will  be  F=  F,(l  +  orQ  for  a  rise  of  (  degrees,  or  ^»  =  j-7-^ » ^^^«ro 

t  Is  the  temperatore  for  the  volume  F. 

tf  F 
The  change  of  volume,  then,  or  a  F„  is  ^  ,  and  this  multiplied  by  the 

pleasure  p,  gives  us  for  the  outer  work 

If  the  weight  of  tbe  expanding  gas  is  equal  to  one  unit,  then  the  value  of  the 
outer  work  is  the  mechanical  equivalent  of  the  excess  of  the  specific  heat  by 
constant  pressure  over  the  specific  heat  by  constant  volume.  If  /  represents 
the  mechanical  equivalent,  we  have 

«^^-^-)'^=f^> 

•  See  Note  11. 
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or  if  F»  is  the  Yolame  for  the  temperature  zero  and  pieBSore  p«,  we  have 

This  gives  us,  for  a]l  gases  which  follow  Mariotte's  law,  a  numerical  relation  be- 
tween the  coefficient  of  expansion,  the  two  specific  heats,  the  volume  of  the  unit 
of  weight  under  the  given  circumstances,  and  the  mechanical  equivalent  of 
heat.  We  may  make  use  of  it  in  order  to  determine  the  mechanical  equivalent 
by  means  of  the  physical  properties  of  various  gases,  and  since  for  most  gases 
these  properties  are  determined  with  a  degree  of  precision  which  cannot  at 
present  be  exceeded,  it  would  seem  that  in  this  way  we  should  obtain  a  value 
superior  to  all  the  others  in  accuracy.  The  formula  applied  to  air  gives  us 
the  number  426,  almost  identical  with  the  mean  of  Joule's  experiments,  if  we 
take  for  the  volume  of  the  unit  of  weight,  for  the  coefficient  of  expansion,  and 
for  specific  heat  for  constant  pressure,  the  values  given  by  Regnault,  and  take 
for  the  specific  heat  for  constant  volume  the  best  value  as  given  by  experiments 
upon  the  velocity  of  sound.  The  agreement  of  this  calculation  with  the  ex- 
periments of  Joule  upon  friction  is,  in  fact,  most  remarkable. 

IX. 

Unfortunately  this  agreement  does  not  exist  when  we  apply  the  formula  to 
other  gases.  We  obtain,  however,  425 — a  very  close  value — for  hydrogen,  oxy- 
gen, and  nitrogen,  while  for  carbonic  acid  gas  we  obtain  a  value  coDsiderably 
different.  Indeed  we  obtain  for  this  gas  two  very  different  valaes,  according  as 
we  take  one  or  the  other  of  the  two  determinations  of  Regnault  for  0°  and  100^.* 
For  other  gases  the  deviation  is  still  greater.  Whence  come  these  deviations  t 
A  great  part,  without  doubt,  are  due  to  the  uncertainty  as  to  the  value  of  the 
specific  heat  for  constant  volume.  We  must,  however,  add  that  the  formula 
is  not  equally  reliable  for  all  gases,  since  the  disgregation  work  cannot  be  dis- 
regarded in  all. 

The  laws  of  Mariotte  and  Gay-Lussac  hold  accurately  for  no  gas  ;  they  are 
only  approximate  expressions  of  the  trath  for  those  gases  which  are  furthest 
from  their  points  of  liquef action.  It  is  only  for  these  gases  that  the  agreement 
of  their  mechanical  and  thermal  properties  allows  us  to  assume  that  the  influence 
of  the  molecular  forces  is  zero.  On  the  other  hand,  gases  like  carbonic  acid, 
which  we  can  easily  liquefy,  whose  coefficient  of  expansion  is  five-tenths  greater 
than  air,  and  which  changes  very  rapidly  with  the  pressure ;  gases,  finally, 
which  even  under  the  pressure  of  the  atmosphere  do  not  follow  the  law  of  Ma- 
riotte ;  for  all  such  we  have  eveiy  reason  to  believe  that  a  noticeable  work  of 
the  molecular  forces  accompanies  changes  of  volume. 

If  we  apply  to  such  a  gas  a  formula  which  assumes  the  absence  of  all  dis- 
gregation work,  it  simply  shows  that  we  do  not  understand  the  principles  of 
which  we  make  use.  If  we  say,  as  has  been  said,  that  there  are  as  many  me- 
ohaniciil  equivalents  as  there  are  gases,  we  indirectly  declare  the  possibility  of 
perpetual  motion. 

It  would  seem  an  immediate  consequence  of  the  above,  that  by  repeating 
the  experiments  of  Joule  with  carbonic  acid  and  similar  gases,  and  determin- 
ing the  amount  of  heat  which  disappears  when  they  expand  without  perform- 
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isg  outer  work,  we  might  obtain  a  measare  of  tbe  disgregation  work,  and  tbus 
correct  the  abore  formula  and  express  the  true  relations  between  the  different 
properties  of  such  gases.  Without,  however,  entirely  changing  the  experimen- 
tal methods  of  Joule,  there  seems  litUe  hope  of  obtaining  in  this  way  any  satis- 
factory results.  In  the  experiment  which  has  been  described,  the  expanding 
gas  is  surrounded  by  water,  and  even  under  a  pressure  of  22  atmospheres 
the  vmm  of  the  gas  cannot  compare  with  that  of  the  water.  It  is  easy  to  com- 
prehend that  if,  for  example,  the  mass  of  the  water  is  only  twenty  times  that 
of  carbonic  acid  gas,  and  the  specific  heat  of  the  water  about  five  times  as 
great,  the  absorption  of  a  quantity  of  heat  which  would  change  the  temperature 
of  the  gas  one  degree  would  alter  that  of  the  apparatus  at  most  only  riuth  of  a 
degree.  The  phenomena  in  question,  therefore,  would  be  completely  masked 
by  the  unavoidable  errors  of  experiment  It  is  necessary  to  find  some  method 
of  doing  away  with  the  liquid  as  a  heat-measuring  substance,  and  obserring  the 
change  of  temperature  in  a  stream  of  gas,  which,  without  performing  outer 
work,  experiences  a  considerable  change  in  elastic  force.  Under  such  circum- 
stances the  entire  heat  disappearing  is  equivalent  to  the  disgregation  work 
accompanying  the  expansion.  These  conditions  are  actually  complied  with  in 
an  experimental  method  conceived  by  Sir  WiUiam  Thompson.*  Our  space 
does  not  allow  us  to  describe  it  here.  The  application  of  this  method  to  hydro- 
gen, air,  and  carbonic  acid  has  shown  that  the  change  of  temperature  for 
hydrogen  is  almost  zero,  that  it  is  noticeable  for  air,  and  very  considerable  for 
carbonic  acid,  just  as  might  have  been  expected  from  the  experiments  of  Reg- 
nanlt.  Hydrogen  seems,  indeed,  the  furthest  removed  of  any  gas  from  its 
point  of  liquefaction.  Oxygen  and  nitrogen  show  a  less  perfect  accord  with 
the  properties  of  a  perfect  gas.    Carbonic  acid  gas,  finally,  deviates  decidedly. 

It  is,  therefore,  perfectly  natural  that  in  hydrogen  the  disgregation  work 
should  be  very  small — ^almost  zero — also  small  in  nitrogen  and  in  the  air, 
but  still  there— and  that  it  should  have  a  considerable  value  in  carbonic  acid. 
The  results  of  experiment  are  not  completely  satisfactory,  nor  exact  enough  to 
furnish  a  reliable  value  for  correction  of  our  formula.  They  suffice,  however, 
to  furnish  an  explanation  of  the  variation  which  has  been  found  in  the  mechani- 
cal equivalent,  as  determined  from  various  gases,  and  they  show  that  it  is  al- 
lowable to  use  the  formula  without  correction  for  air  and  hydrogen.  We  may 
consider  it  as  tolerably  certain  that  the  exact  value  of  J  lies  between  424  and 
426,  the  results  obtained  from  the  consideration  of  these  two  gases ;  or  still 
more,  having  reference  to  the  uncertainty  in  the  value  of  the  specific  heat  by 
constant  volume,  between  420  and  480.  We  shall,  however,  continue,  in  what 
follows,  to  make  use  of  the  value  424. 

I  have  devoted  considerable  space  to  this  first  application  of  the  theory — 
much  more  than  I  can  give  to  others  of  which  I  intend  to  speak.  I  do  not  wish, 
however,  to  lay  any  especial  stress  upon  the  study  of  the  expansion  and  com- 
pression of  gases ;  but  I  thought  it  well  to  show  thus  early  that  the  mechanical 
theory  of  heat  leads  to  results  which  agree  with  fact,  and  submits  to  calcula- 
tion not  only  known  phenomena,  but  also  predicts  new  ones,  and  that  this  pre- 
diction Is  capable  of  numerical  verification. 

I  have  sought  to  excite  in  you  the  same  impression  which,  without  doubt, 
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tbose  of  you  wbo  are  familiar  with  the  study  of  optics  haye  already  experi- 
enced, as,  proceeding  from  the  undniatoiy  theory,  they  made  their  first  applica- 
tions of  it  to  the  phenomena  of  reflection  and  refraction.  The  simplicity  with 
which  this  theory  harmonizes  known  facts,  the  fmitfulness  of  the  views  it  pre- 
sents, the  accuracy  of  its  predictions,  afford  the  most  convincing  proof  that  it 
closely  expresses  the  truth,  or,  at  least,  opens  a  path  which  leads  to  the  truth. 
I  shall  consider  my  object  obtained  if  this  first  lecture  shall  have  produced 
a  somewhat  similar  convictiaiL 
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L  BwapltiilaUoii  of  the  flnt  lectnre.— Objects  of  the  second  lecture :  Xnyestigation  of  heat 
oighies  end  applicetioii  of  the  theory. 

IL  ComperisoD  of  rteam  and  gas  engines.— Oppoeing  views  held  by  physicists  and  mechan- 
ics as  to  the  relative  value  of  these  two  engines.— Statement  of  the  considerations  by  which  the 
rslatlve  disadvantages  of  the  steam  engine  have  been  sought  to  be  proved.  These  conslderatlona 
net  by  Hini*s  experiments. 

m.  General  expression  for  the  efficiency  of  a  Stirling  hot-air  engine.— This  expression  does 
not  Indicate  any  superiority  over  the  steam  engine. 

IV.  Generalization  and  simplUlcation  of  the  expression  for  the  efficiency  of  gas  engines.— 
Absolute  temperature,  absolute  aero  of  temperature.— Deduction  of  the  second  fundamental 
jirinclple  of  the  mechanical  heat  theory :  A  constant  ratio  exists  between  the  quantity  of  heat 
tfMBsfonned  Into  work  in  a  perfect  heat  engine,  and  the  quantity  of  heat  transferred  from  a  hot 
to  a  colder  body.— One  real  advantage  of  the  gas  engine.— Practical  objections.- Advantages  of 
engines  with  superheated  steam.— Engines  with  two  fluids. 

Y.  The  electro-magnetic  engine  may  be  regarded  as  an  heat  engine.— Experimental  ptoofa, 
by  Favre,  of  the  consumption  of  heat  In  this  engine ;  another  determination  of  the  mechanical 
equivalent. 

VL  The  necessity  of  induction  phenomena  shown  by  theory. 

yil.  Possibility  of  converting,  in  sn  electro-magnetic  engine,  all  the  heat  Into  work.— Why 
this  theoretical  advantage  Is  not  practical. 

VIII.  Of  the  heat  generated  In  an  electro-magnetic  engine,  set  in  motion  by  outer  forces.— 
Decciminatlon  In  this  way  of  the  mechanical  equivalent  of  heat  by  Joule.- The  experiment  of 
Vovcanlt. 
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plications of  the  new  theory  to  chemistry.— Measurement  of  the  work  of  chemical  forces  by 
means  of  tiie  heat  g«a&erated.— Mechanical  explanation  of  some  electro-chemical  phenomena.— 
Mechanical  signillcaaoe  of  the  measurement  of  electro-motive  force.— Experiments  of  Begnanlt 


X.  Appllcatious  to  animal  physiology.— Mayer*s  theory  of  respiration  and  muscular  motion. 
— Szperiments  of  Him  and  B^clard. 

XL  Applications  to  botany.— Necessity  of  sunlight  for  vegetation.— Remarks  upon  the  com- 
mon origin  of  all  motion  on  the  earth. 

Xn.  Upon  the  duration  of  the  sun^s  heat— Hypothesis  of  Mayer.— Calculations  of  W. 
Thomson.— Remarks  upon  the  scope  of  the  new  theory. 

Xni.  The  mechanical  theory  of  heat  reveals  laws  of  phenomena,  but  does  not  disclose  their 


XIV.  Historical.- The  forerunners  of  the  theory ;  Daniel  Bernoulli,  Lavoisier  and  Laplace, 
Bamlbitl,  Davy,  Young.— Special  influence  of  Sadi  Camot  and  Clapeyron.— The  discoverers  of 
tile  new  principle :  Masrer,  Coldtng,  Joule.— Helmholta  and  his  treatise  upon  the  conservation  of 
fone.— Worica  of  Clanslns,  Rankine,  Thomson,  Zeuner. 
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Wb  lukTe  now  paaaed  In  brief  review  the  phenomena,  by  the  considention 
of  which  science  has  attained  to  the  recognition  of  the  new  principle  of  the 
cqniTalence  of  heat  and  work. 

Starting  from  the  laws  of  mechanics,  we  were  at  first  brought  face  to  face 
with  an  apparent  contradiction  between  these  laws  and  the  nsoal  theory  of  ma* 
ehinea  To  reconcile  this  contradiction,  it  was  necessary  to  include  the  phe- 
BooMDon  of  heat  among  the  mechanical  effects  which  occurred  in  the  entire  ma- 
chine during  its  motion.  The  heat  generated  by  friction  was  thus  found  to  he 
eqniTalent  to  the  difference  between  the  work  of  the  motive  forces  and  of  the 
leristaiices ;  the  heat  absorbed  during  the  motion  of  the  machine  was  shown  to 
be  the  equivalent  of  the  work  done. 

The  correspondence  of  the  numerical  results  in  both  cases  gave  us  confi- 
dence in  the  correctness  of  our  views,  and  allowed  us  to  frame  a  very  precise 
idea  of  the  mechanical  equivalent  of  heat.  We  have  also  recognised  the  con- 
tradiction to  which  we  are  led  if  we  assume  that  the  value  of  this  equivalent 
can  change ;  and  we  have  still  further  convinced  ourselves  of  the  correctness 
of  our  new  principles  by  applying  them  in  various  ways.  Our  first  application 
was  with  reference  to  the  change  of  volume  or  of  condition  of  bodies  by  heat. 
For  solid  and  liquid  bodies  we  have  done  little  more  than  point  out  difflcalties, 
and  briefly  notice  the  method  by  which  they  may  be  met.  We  have  treated 
gaaea  more  thoroughly.  Experiment  has  shown  us  that  for  air  and  other  gases 
far  reoDoved  from  their  point  of  liquefaction,  the  disgregation  work,  or  the 
work  of  the  molecular  forces  which  accompanies  a  change  of  volume,  is  either 
aero  or  very  slight.  This  fact  has  permitted  us  to  compare  the  amount  of 
beat  which  must  be  imparted  to  a  gas  in  order  to  obtain  a  certain  amount  of 
oater  work,  with  that  work  itself.  Thus  we  found  a  new  determination  of  the 
mechanical  equivalent,  and  at  the  same  time  deduced  a  necessary  relation  be- 
tween the  different  mechanical  and  thermal  properties  of  the  same  gas. 

I  have  sought,  in  this  development,  to  keep  observation  and  theory  side  by 
side,  and,  in  some  degree,  show  you  that  every  experiment  was  the  realization 
of  an  Idea ;  and  finally,  to  make  it  as  evident  as  possible  how  firmly  all  parts 
of  oar  new  theory  are  held  together. 

I  shall  now  pursue  an  opposite  method,  and  plunge  at  once  into  the  midst 

of  facto,  or,  so  to  speak,  into  the  midst  of  practical  industry,  and  I  shall  seek  to 

deduce  general  physical  laws  from  the  study  of  special  phenomena,  such  as  are 

prsMnted  by  the  study  of  those  machines  which  derive  their  motive  power 
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from  the  action  of  heat.  The  iiiTestigation  of  "  heat  engines  "  *  will  thus  fonn 
the  snbject  proper  of  this  lecture.  The  remaining  portion  of  it  will  seek  to 
give  you  a  review  of  those  applications  of  the  new  theoiy  which  lie  outside 
of  the  domain  of  physics,  and  especially  of  mechanics. 

n. 

There  are  two  kinds  of  heat  engines  of  special  importance ;  the  steam 
engine  and  the  hot-air  or  caloric  engine,  f  Upon  hot-air  engines  much  at  one 
time  was  said  and  written.  Great  stress  has  been  laid  upon  their  improve- 
ment, and  almost  unlimited  expectations  have  been  formed  of  their  mechanical 
efficiency. 

A  superficial  knowledge  of  Joule's  exfieriments  upon  gases  soon  spread, 
and  it  was  for  a  time  firmly  believed  that  soon  all  the  heat  furnished  by  the 
fuel  would  he  utilized.  On  the  other  hand,  after  Regnault's  experiments  upon 
the  latent  heat  of  vaporization,  which  seemed  to  show  that  only  an  inconsider- 
able fraction  of  the  power  of  the  heat  absorbed  could  be  utilized,  many  physi- 
cists formed  an  unfavorable  impression  of  the  steam  engine.  Thus  a  kind  of 
conflict  arose— I  can  hardly  say  between  theory  and  experience,  but  between 
one  view  which  apparently  harmonized  with  theory,  and  between  the  ever«c* 
cumulating  results  of  experience.  In  practice,  gas  engines  have  never  been 
found  of  such  economical  value  as  to  balance  the  difficulties  which  attend 
their  introduction.  Let  it  be  the  first  object  of  our  remarks,  therefore,  to 
point  out  the  significance  of  this  apparent  conffict.  For  the  sake  of  clearness, 
we  shall  take  a  numerical  example,  and  shall  therefore  choose  a  steam  engine 
working  under  a  steam  pressure  of  5  atmospheres,  or  with  a  steam  tempera- 
ture of  1(52'',  and  shall  first  assume  that  there  is  no  condenser.  The  steam 
enters  the  cylinder  in  the  saturated  condition  at  a  temperature  of  162"* ;  the 
formation  of  every  kilogram  of  steam  requires,  according  to  Regnault's  experi- 
ments, a  quantity  of  heat  denoted  by  the  number  658,  diminished  by  the  tem- 
I>erature,  f,  of  the  feed  water.  As  it  enters  the  cylinder,  the  steam  raises  the 
piston  until  the  communication  with  the  boiler  Is  closed,  when  it  expands  a 
certain  amount,  and  finally  discharges  into  the  air  under  the  pressure  of  the 
atmosphere.  If  we  assume  that  the  steam  remains  saturated  during  the  ex- 
pansion, then  the  final  temperature  is  100'',  and  every  kilogram  of  steam  which 
leaves  the  cylinder  takes  with  it  687  —  t  heat  units,  which  it  gives  up  in  con- 
densing into  water  of  the  temperature  t  Out  of  the  658  —  t  heat  units  ab- 
sorbed in  the  generation  of  the  steam,  only  16  disappear  in  the  engine.  These 
16  units  are  transformed  into  work;  all  the  rest  is  wasted  in  the  atmosphere. 

Thus  if,  for  example,  t  is  only  10"*,  only  ^/^ds,  or  less  than  ^-th,  of  the 
heat  furnished  to  the  boiler  by  the  fuel  is  utilized.  This  fraction,  which  we 
may  call  the  "  efficiency,"  is  increased  somewhat  by  the  application  of  the  con- 
denser, but  it  is  always  very  small.  If,  for  example,  the  condenser  has  a  tem- 
perature of  40°,  and  the  steam  expands  in  the  cylinder  to  such  an  extent  thai 

*  Under  heat  engines  we  Indnde  all  those  machines  whose  modve  power  Is  dae  to  the  dis- 
appearance or  transformation  of  heat. 

t  Hot-air  engines  are  known  al»o  as  gas  engines  and  caloric  engines.  We  call  any  machine 
a  hot-air  engine  whotie  action  depends  upon  the  heating  and  expansion  or  the  cooling  and  con- 
traction of  any  of  the  so-called  '*  permanent  '*  gases. 
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Its  preawire  is  red  need  to  that  in  the  condenser,  which  neyer  can  be  the  case 
in  piaetioe,  the  quantity  of  heat  which  one  kilogram  of  steam  brings  to  the 
eondenaer  ia  only 

610  -  40  =  579  heat  units. 

If,  further,  the  condenser  is  fed  with  the  boiler  water  itself,  each  kilogram  of 
steam  requires  for  its  formation  only 

068  -  40  =  618  heat  units. 

Hence  84  heat  units  are  utilized,  and  the  efficiency  becomes  /t^ths,  or 
about  i^th. 

The  condenser  is  therefore  of  considerable  advantage,  but  the  heat  utilized 
ia  still  Tory  small  in  comparison  with  the  total  heat  imparted. 

These  are  nearly  the  words  of  Regnault  in  his  criticism  of  the  steam  engine, 
which  has  been  extensively  repeated.  According  to  this,  the  most  important 
motor  of  our  civilization  is  but  a  very  imperfect  machine. 

Now  let  us  turn  to  experience.  The  treatise  of  Hiro,  from  which  we  have 
already  taken  several  important  results,  gives  us  the  data  for  a  reply.  We 
find  there  four  satisfactory  and  consistent  series  of  experiments  upon  the  steam 
engine,  which  are  nearly  identical  with  those  we  have  already  alluded  to.  The 
temperature  of  the  boiler,  as  a  mean  of  the  four  experiments,  was  146*",  that  of 
the  condenser,  84**.  Assuming  perfect  expansion,  we  have  for  the  efficiency,  in 
precisely  the  same  way  as  before,  ^^ths,  which  Is  nearer  to  i^jth  than  to  -j^th. 
This  should  therefore  be  the  limit  which  can  never  be  exceeded,  and  which 
probably  experiments  can  never  show.  But  notwithstanding  this,  the  singular 
fact  remains  that  Him's  engines  gave  much  better  results.  The  excess  of  the 
heat  taken  by  the  steam  from  the  boiler,  over  that  given  out  in  the  condenser, 
that  is,  the  heat  expended  in  producing  work,  was  never  less  than  -^^th  of  the 
total  amount  of  heat ;  it  was  sometimes  even  Jth,  and  in  the  average  ith. 

Hero,  then.  Is  a  direct  contradiction.  Upon  the  one  hand,  a  theory  approved 
by  many  physicists  gives  for  the  efficiency  of  an  engine  a  value  but  little 
higher  than  ^th ;  upon  the  other  hand,  experiments  made  upon  machines  In 
actual  use,  which  therefore  must  be  very  far  from  perfect,  and  which  must  be 
fitted  with  special  apparatus  for  determining  the  efficiency,  give  a  result  twice 
as  great.  The  accuracy  of  the  experiments  is  proved  by  the  very  close  value 
of  the  mechanical  equivalent  which  they  have  given.  The  error  must  there- 
fore be  sought  in  the  theoretical  conclusions. 

Now  we  have  assumed  without  any  proof  that  the  steam  which  after 
expansion  leaves  the  cylinder  and  is  discharged  either  into  the  air  or  into  the 
condenser  is  saturated.  This  assumption  enabled  us  to  base  our  calculation 
upon  the  total  heat  of  vaporization  as  determined  by  Regnault.  The  facts 
observed  by  Him  contradict  this  entirely  groundless  assumption,  and  prove 
that  the  phenomena  of  expansion  follow  much  more  complicated  laws,  and  that 
n  much  greater  part  of  the  heat  is  utilized.  The  steam  therefore  cannot  remain 
saturated  during  expansion.  Still  less  can  it  become  heated  above  the  point  of 
aaturation,  and  become  at  the  end  of  expansion  superheated,  that  is,  possess  a 
leas  elastic  force  than  that  which  corresponds  to  its  temperature  when  Just 
saturated  ;  for  a  given  amount  of  superheated  steam  would  give  up  to  the  air 
or  to  the  oondenser  more  heat  than  the  same  amount  of  saturated  steam,  and 
the  coeffideut  of  efficiency  would  theiefore  be  less  than  that  already  computed. 
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There  is  only  a  tbird  sapposition  possible,  viz. :  tbat  tbe  originally  satarated 
steam  e<mdeMes  doring  its  expansion  in  tbe  cylinder,  and  a  part  of  it  becomes 
water.  This  supposition  is,  moreover,  correct.  We  can  point,  in  confirmation 
of  it,  to  an  almost  daily  occarrence  in  practice.  Every  one  knows  tbat  water 
collects  in  tbe  cylinder  if  it  is  not  jacketed.  Raokine  has  sbown  that  tbe  prin- 
cipal cause  of  this  is  the  condensation  during  expansion,  and  not,  as  some  have 
thought,  the  accidental  introduction  of  water  from  the  boiler.  Him  has  given 
us  a  direct  experimental  proof.  A  copper  cylinder,  3  meters  long  and  0.15  in 
diameter,  was  closed  at  both  ends  by  thick  glass  plates.  Two  pipes,  with  cocks, 
were  connected,  tbe  one  with  the  boiler  and  the  other  with  the  air.  First  the 
air-cock  was  partly  opened  and  the  steam-cock  fully  opened.  Steam  thus 
entered  from  the  boiler,  drove  out  tbe  idr  from  the  cylinder,  and  filled  it  with 
dry  and  perfectly  saturated  steam.  The  cylinder  was  then  as  transparent  as  if 
filled  only  with  air.  The  air-cock  was  now  fully  opened.  The  steam  escaped 
rapidly,  expanded  in  doing  so,  and  in  a  moment  the  cylinder,  before  so  trans- 
parent, became  perfectly  opaque,  and  the  condensation  was  visible. 

I  need  not  point  out  that  this  condensation  increases  the  amount  of  heat 
which  disappears  in  the  machine,  that  is,  which  is  turned  into  work.  Every 
kilogram  of  steam  which  reaches  the  cylinder  from  the  boiler  requires  for  its 
production  the  amount  of  heat  already  given.  But  the  heat  which  still  remains 
in  the  steam  when  it  enters  the  condenser  or  the  air,  is  diminished  by  the 
latent  heat  of  that  amount  of  steam  which  during  the  expansion  has  been 
liquefied. 

It  is  not  wholly  saturated  steam  which  leaves  the  cylinder,  but  a  mixture  of 
steam  and  water,  and  the  heat  converted  into  work  is  no  longer  equal  to  the 
difference  of  the  total  heat  of  vaporization  for  two  different  temperatures, 
but  is  equal  to  this  difference  increased  by  a  considerable  fraction  of  the  latent 
heat.  Condensation  during  expansion  is  thus  a  physical  property  of  steam,  to 
which  the  steam  engine  owes  a  large  part  of  its  efficiency.* 

m. 

Now  let  us  consider  the  hot-air  engine,  and  see,  if  we  can,  how  far  those 
hopes  are  justified  which  accompanied  its  discovery.  Without  doubt.  In  such 
an  engine  we  may  convert  all  the  heat  into  work,  when  our  object  is  sim- 
ply to  raise  a  loaded  piston  and  then  allow  it  to  sink  again.  Practice, however, 
demands  a  very  different  result ;  it  demands  a  continual  activity, — a  periodic 
motion,  which  shall  be  incessantly  repeated  so  long  as  heat  is  consumed.  For 
example,  it  is  required  that  the  piston  of  a  hot-air  engine,  after  it  has  been 
raised  to  a  certain  height,  shall  sink  again  to  its  original  position,  and  that 
this  action  shall  be  repeated  indefinitely.  But  the  air  under  the  piston  opposes 
the  downward  motion,  and  this  resistance  can  only  be  overcome  by  the  expen- 
diture of  a  certain  amount  of  work.  While  the  air  is  thus  compressed,  it 
becomes  heated,  and  this  heat  must  be  withdrawn  in  order  to  bring  about  the 
original  condition. 

If,  therefore,  during  the  first  period,  all  the  heat  imparted  can  be  con- 

•  Sm  Note  14. 
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verted  into  work,  in  tlie  second,  a  portion  of  the  work  thus  obtained  is  con- 
somed  in  order  to  generate  heat ;  only  the  remainder  of  the  work  is  at  our 
dispoeal. 

The  question  is,  whether,  when  everything  is  taken  into  account,  the  hot- 
air  engine  poesesses  any  peculiar  advantages.  Let  ns,  as  an  example,  take 
one  of  these  engines  whose  theory  is  simplest,  and  which  has  been  the  most 
tried  in  practice ;  the  engine  of  Robert  Stirling,  which  dates  back  to  the  year 
1816. 

In  this  engine  the  air  is  first  heated  under  constant  volume,  then  it  expands 
under  constant  temperature,  it  is  then  cooled  to  its  original  temperature  while 
keeping  its  new  volume,  finally,  it  is  compressed  without  change  of  tempera- 
ture to  its  original  volume.  The  expansion  takes  place  under  a  much  higher 
temperature,  and  hence  under  a  much  higher  pressure,  than  the  compression. 
The  work  performed  in  the  first  case  is  greater  than  that  absorbed  in  the 
second,  and  the  excess  can  be  utilized. 

Let  US  represent  this  entire  cycle  of  changes  by  a  geometrical  construction. 
Let  OAf  Fig.  4,  be  the  volume  of  one  unit  in  weight  of  gas  for  the  initial  tem- 
perature id  and  let  the  ordinate  ATo  "b^  the 
eorresponding  pressure  pQ.  The  air  is  first, 
without  change  of  volume,  raised  from  the 
temperature  to  to  the  temperature  tu  which 
requires 

Cv  (h  -  to) 
units  of  heat,  if  e,  is  the  specific  heat  at  con- 
flitant  volume.  During  this  rise  of  tempera- 
ture, the  pressure  rises  from  po  Uypi,  repre- 
sented in  the  figure  by  ATi.  But  as  the 
volume  remains  imchanged,  no  work  is  per- 
formed. The  pressure  upon  the  piston  sim- 
ply rises  from  po  to  Pi,  while  the  piston 
itself  does  not  move.  Now  the  load  on  the 
piston  is  gradually  diminished,  the  air  ex- 
pands, feUhtmt  changing  in  temperature,  from  the  volume  eg  to  the  volume  ^ ,. 
represented  by  OB,  The  temperature  remaining  constant,  the  volume  varies 
inversely  as  the  pressure,  and  the  curve  T^Ti,  which  is  approximately  an 
equilateral  hyperbola,  gives  the  law  6f  change  of  volume  with  pressure ;  the 
last  ordinate,  BT^,  being  the  end  pressure.  Outer  work  is  performed,  which  Is 
represented  by  the  area  ATiTjB.  But  while  the  air  is  thus  expanding,  in 
order  to  preserve  the  temperature  unchanged,  heat  must  be  added  to  the  air, 
which  heat  is  the  equivalent  of  the  outer  work  represented  by  the  area 
ATi  TiB,  since  the  inner  work  in  case  of  air  is  zero.  In  the  third  opera- 
tion the  temperature  is  brought  back  to  to,  without  change  of  volume.  The 
prewore  accordingly  falls  from  BTi  to  BT^  without  any  expenditure  of  work, 
and  therefore 

Cviti-io) 

heat  units  must  be  abtracted,  if,  as  is  very  probable,  the  specific  heat  of  a£r 
for  constant  volume  is  independent  of  the  density.     In  the  fourth  and  last 
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period  the  air  is  compressed,  wliile  its  tempeTatore,  to,  remains  constant, 
until  it  has  its  original  volame,  Fq.  Here  work  is  performed  upon  the  air,  and 
heat  must  be  abstracted  in  order  to  keep  the  temperature  constant.  The 
hyperbola  To  To  gives  the  relation  between  Tolnme  and  pressure.  The  area 
ABTqTq  represents  the  work  done  in  compression,  which  is  equivalent  to  the 
heat  q'  abstracted. 

The  air  receives,  therefore,  in  the  first  two  operations, 

heat  units,  and  outer  work  is  performed  hy  the  gas,  which  is  represented  hy 
the  area  ATiTiB,  In  the  last  two  operations  heat  is  abstracted  from  the  gas 
equal  to 

Mti''to)  +  g' 

heat  units,  and  a  work  has  been  performed  upon  it  represented  by  the  area 
ABToTq.  a  quantity  of  heat,  g  —  ^,  has  thus  disappeared,  and  an  equivalent 
work  been  performed,  represented  by  the  area  TqTiTiTo.  The  heat  utilised 
isq  —  q',  while  the  total  consumption  of  heat  is  ep{ti  —  ^o)  +  Q»  ^^d  the  heat 
not  utilized  at  all  would  seem  to\}eCe(ti  —tu)  +  ^, 

A  little  consideration,  however,  will  show  that  this  last  is  not  exactly  the 
case,  and  that  the  heat  not  utilized,  and  which  is  therefore  wasted,  is  q',* 

The  quantity  of  heat  Cvifi  —  ^o)  which  the  air  loses  in  the  third  period, 

while  cooling  from  ti  to  ^o»  without  changing  in  volume,  can  be  utilized  in 

raising  the  temperature  of  another  portion  of  gas,  whose  weight  is  unity,  from 

to  toil.    This  portion  will  then  be  ready  to  expand,  performing  work  without 

change  of  temperature,  and  when  it  in  turn  is  cooled,  the  heat  given  up  by  it 

can  raise  the  first  portion  from  to  to  ti,  and  so  on.    By  such  an  arrangement 

the  heat  Ctif^  —  to)  may  pass  from  one  to  the  other  of  two  equal  portions  of  air 

which  keep  the  machine  in  motion.    Since  we  may  conceive  a  perfect  machine 

in  which  this  transfer  can  take  place  without  loss,  this  amount  of  heat  is  no 

part  of  the  useful  nor  useless  expenditure,  it  is  at  disposal  in  every  cycle.    It  is 

different  with  the  heat  q'  which  the  air  parts  with  while  being  compressed  under 

constant  temperature.     Since  this  must  be  absorbed  by  a  cooling  apparatus, 

whose  temperature  is  ^o*  it  cannot  again  be  used  in  order  to  raise  the  air  above 

this  temperature,  nor  to  keep  the  temperature  daring  expansion  at  ^p    It  may, 

without  doubt,  be  used  in  another  machine  in  which  the  highest  temperature 

does  not  exceed  to,  but,  so  far  as  the  first  is  concerned,  it  is  lost  entirely.   Hence 

we  have 

q-£ 

as  the  ratio  of  the  heat  utilized  to  the  whole  heat  used. 

The  quantities  q  and  q'  are  easy  to  determine,  since  their  mechanical  equiv- 
alents are  represented  by  the  areas  ATiTiB  and  AToToB,  Thus  if,  as 
always,  Ji&  the  mechanical  equivalent  of  heat, 

Jq  =area-4r,r,-B, 
Jq'  =  BxeAAToToB, 
q-'i  _  area  ATy  T^B^ area  AToTpB 
q     ~  Kte^ATxTxB 

*  See  Note  16. 
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The  detennination  of  tbe  hyperbolic  areas  is  best  perfonned  by  integration. 
We  have,  from  known  formulie, 

area  ATiTxB  =i>iCo  log.  nat.  — , 

area  ATqToB^Pq^q  log.  nat.  -^ . 

Bat  pi  and  po  >^io  the  pressures  of  the  same  mass  of  air,  at  the  same  Yolome, 
for  the  temperatures  ti  and  to.  We  have,  therefore,  if  a  is  the  coefficient  of 
expansion. 

Pi  _l  +  gtt 

Po      l  +  a«o' 
or,  finally^ 

g     "      p,  l  +  atj  • 

This  formula,  of  remarkable  simplicity,  gives  at  once  the  coefficient  of 
effideney  of  an  engine  of  the  kind  discossed,  provided  that  we  only  know  the 
end  temperatures  between  which  the  engine  works.  It  is  also  evident  that 
this  coefficient  is  gxeater  than  is  ever  attainable  in  practice.  If,  now,  we 
assume  a  gas  engine,  working  between  the  same  limits  of  temperature  as  Him's 
engine,  we  have,  putting  t^  =  146'',  to  =  84°,  a  =  v^^d,  for  the  greatest 
efficiency  possible,  itlths,  or  a  little  less  than  f  ths.  This  number  is  not  so 
much  greater  than  ith,  which  Hirn  found  for  the  steam  engine,  that  one  can 
conclude  any  considerable  advantage  of  the  one  over  the  other.  It  would  not 
be  surprising  if  the  practical  imperfections  of  a  gas  engine,  working  between 
146°  and  84°,  should  reduce  the  useful  work  to  ith  of  the  total.  The  great 
Importance  ascribed  at  one  time  to  gas  engines  does  not  appear,  therefore,  in 
any  degree  justified. 

IV. 

We  may,  however,  go  still  further,  and  prove  that,  considered  from  an 
economical  standpoint,  aU  engines  which  work  between  the  same  temperatures 
give  the  same  result.  If  we  discuss  any  engine  in  the  same  way  as  we  have 
already  done  for  Stirling's,  we  shall  see  : 

First,  that  in  any  given  engine  the  ratio  of  the  useful  to  the  total  expendi. 
ture  of  heat  is  a  maximum,  when  no  heat  is  used  to  change  the  temperature  of 
the  gases,  or  when,  at  least,  this  heat  is  a  fixed  amount,  which  never  leaves 
the  system,  but  is  used  over  and  over  for  the  same  purpose. 

Second,  that  in  such  case  the  maximum  value  of  the  ratio  Is 

where  ^i  and  ^o  are  tbe  highest  and  lowest  temperatures*  whlcb  ooeur  in  the 
eyde  of  changes  in  the  machine.  We  may  g^ve  to  this  expression  a  noteworthy 
^gnificance  by  dividing  numerator  and  denominator  by  the  coefflcient  of 
ezpanslan,  a.    It  then  becomes 


•  See  Note  le. 
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for  which  we  may  write 


if  we  let 


a 


that  is,  if  we  count  the  temperature  from ,  or  from  —  978^  C,  instead  of 

xero.  Now,  what  is  this  temperature,  which,  when  measured  from  —  278"  as 
the  zero  point,  thus  simplifies  the  expression  for  the  economical  coefficient? 
It  is  that  temperature  to  which  the  gas  is  raised  if  —  278"  is  the  aero  of  our 
thermometer,  and  if  the  gas  is  cooled  under  constant  volume  to  —  278",  its 
pressure  would  he,  suppoHng  a  to  remain  eomiani,  zero.  This,  then,  is  the  tem- 
perature at  which  the  molecules,  while  preserving  their  original  distances 
apart,  which  they  possess  under  ordinary  temperatures,  become  motionless,  that 
is,  no  longer  impinge  upon  outer  bodies,  and  therefore  cease  to  exert  that  me- 
chanical effect  which  we  call  pressiue.  In  a  word,  this  is  the  temperature  for 
which  the  sum  of  the  living  forces  is  zero.  But  the  expressions  living  force 
and  heat  are  identical,  and  we  can  thus  say  that  the  temperature  of  —  278"  0. 
ii  the  abaolvte  zero  of  temperature. 

It  has  been  attempted  to  determine  this  point  in  various  ways,  and  at  one 
time  it  was  supposed  that  it  was  infinitely  removed  from  ordinary  tempera* 
tures.  From  this  point  of  view  we  call  the  temperatures  T^  and  To  "  absolute 
temperatures."  By  the  aid  of  this  definition  we  may  frame  the  following 
principle,  which  indudee  the  theory  of  all  hot-air  endues  : 

"  In  every  hot-air  engine,  in  whatever  manner  it  works,  provided  only  no 
portion  of  the  heat  goes  to  useless  increase  of  temperature  of  the  air,  the  ratio 
of  the  useful  expenditure  of  heat  to  the  total  is  equal  to  the  difference  of  the 
absolute  temperatures  between  which  the  engine  worlcs,  divided  by  the  greatest 
of  these  temperatures."* 

Does  not  the  simplicity  of  this  law  produce  the  impression  of  a  natural 

principle  ?    Does  it  not  appear  probable  that  the  expression  -^-ya — ^indicates 

always  the  ratio  of  the  useful  to  the  total  expenditure  of  heat  in  a  heat  engine, 
whatever  may  be  the  changes  in  the  machine,  and  whatever  the  bodies  may  be 
which  are  made  use  of  for  the  transformation  of  the  heat  into  work  ? 

In  fact,  it  is  just  as  impossible  that  this  ratio  shall  have  two  different  values 
for  two  machines  working  between  the  same  limits  of  temperature,  as  that  the 
mechanical  equivalent  of  heat  should  have  two  different  values. 

Let  us  consider,  first,  that  in  a  heat  engine  the  excess  of  the  total  heat 
expenditure  over  the  useful  Lb  that  portion  of  the  heat  derived  from  the  fuel, 
which  during  the  action  of  the  machine  is  transfeired  to  a  colder  body,  and 
thus  forever  lost  to  the  machine.  If  the  engine  is  reversible,  and  this  must 
necessarily  be  the  case  with  all  engines  worked  by  expansion  or  change  of 
condition,  it  will,  when  set  in  reverse  action  by  an  outer  force,  take  heat  from 
a  colder  body  and  transfer  it  to  a  hotter,  and  in  this  then  collects  all  the  heat 
generated  while  work  is  applied. 

*8eeNotel7. 
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The  ntio  of  the  heat  thns  generated  to  the  total  quantity  of  heat  in  the 
hotter  hody  is  exactly  equal  to  the  ratio  of  the  nsef  ol  consumption  to  the 
total  in  the  usual  action  of  the  machine. 

Let  us  now  assume  that  the  ratio  in  question  has,  in  two  different  machines, 
two  diiferent  valuea.  It  is  not  difficult  to  conoeiye  these  two  machines  so 
united  that  the  one  in  which  this  ratio  has  the  greatest  value  shall  set  the 
other  in  reverse  action,  and  that  the  whole  work  developed  in  the  first  by  the 
action  of  the  heat  is  completely  consumed  in  working  the  second.  The  action 
of  these  two  machines,  once  started,  would  continue  indefinitely  without 
expenditure  of  heat  or  of  work,  since  all  the  heat  consumed  in  the  first  machine 
would  reappear  in  the  second. 

Let  H  be  tiie  heat  consumed  in  the  one  and  reproduced  in  the  other  in  the 
same  time,  R  and  R'  the  ratios  of  useful  heat  consumed  to  total  in  the  first 
and  second,  and  let,  according  to  our  supposition, 

B  >  R'. 

While  the  first  machine  consumes  the  heat  H  for  the  preservation  of  its 
motion,  it  transfers  from  a  source  of  heat,  whose  temperature  is  ^i,  a  quantity 

of  heat,  •=;  ~  ^,  to  the  condensing  apparatus,  whose  temperature  is  to.    In  the 

same  time  the  second  machine  reproduces  the  heat  H,  and  transfers  from  the 

condensing  apparatus  to  the  source  a  quantity  of  heat,  r^,  ~  ff.    The  final 

R 

result  of  the  combination  is,  that  from  a  cold  to  a  hotter  body  the  amount  of 

heat,  -B^  —  n^  *  ^B  transferred  without  the  expenditure  of  any  corresponding 

work.  If  this  result  is  not  a  contradiction  similar  to  the  production  of  perpetual 
motion,  it  is,  at  any  rate,  a  direct  contradiction  of  the  general  laws  which  we 
have  deduced  concerning  heat,  and  is  sufficient  to  show  that  the  hypothesis 
which  led  to  it  is  not  allowable. 

The  tendency  of  heat  to  pass  from  one  body  to  another  lies,  so  to  speak,  in 
the  definition  of  the  idea  of  "  unequal  temperature."  The  temperature  of  the 
body  which  gives  out  heat  is  the  highest,  and  that  of  the  body  which  receives 
it  is  the  lowest.  So  long  as  theoiy  cannot  define  with  sharpness  the  conditions 
which  we  denote  by  the  term  "  temperature,"  we  can  assign  no  decisive  reason 
why  there  must  be  but  one  sequence  of  temperatures,  and  we  may  be  inclined 
to  admit  that  it  is  not  impossible  tliat  bodies  which  do  not  interchange  heat, 
and  thus  appear  to  have  equal  temperatures,  if  put  in  certain  mutual  relations, 
may  conduct  themselves  as  though  of  different  temperatures. 

All  experience,  however,  gives  a  most  decided  negative  to  this  supposition. 
It  shows  that  equality  or  inequality  of  temperature  is  an  absolute  fact,  inde- 
pendent of  the  experimental  process  by  which  it  is  made  evident.  If,  for 
example,  temperatures  are  recognized  as  equal  by  conduction,  they  are  also 
equal  by  radiation.  It  is  not  possible  to  explain  this  law  by  even  the  most 
recent  advances  of  theory.*  It  is  sufficient  that  aU  the  facts  justify  us  in 
recognising  in  this  an  absolute  principle. 

Fourier  has  based  upon  this  principle  his  theory  of  radiant  heat  and  of 

•See  Note  la 
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eqailibriam  of  temperature,  and  althoagb  this  tlieory  maj  seem  unsatisfactoxy 
in  Tiew  of  the  discovery  of  the  diversity  of  heat  rajs  and  of  elective  absorption, 
as  shown  by  most  bodies,  and  may  have  therefore  seemed  unsatisfactory  to 
many,  still  all  doabt  must  vanish  in  view  of  the  wonderful  discoveries  to 
which,  by  a  new  application  of  the  same  principle,  Kirchhoff  has  been  con- 
ducted. 

We  assume,  however,  nothing  hypothetical,  and  we  base  ourselves  upon 
the  most  certain  facts  of  experience  when  we  propound  the  following  prin- 
ciples: 

First,  it  is  impossible  for  heat  to  pass  from  a  cold  to  a  warmer  body  without 
being,  at  the  same  time,  accompanied  by  some  phenomena  which  may  be 
regarded  as  the  cause  of  such  transfer.  Especially  in  no  machine  in  which 
neither  heat  nor  work  is  given  out  can  any  such  transfer  occur. 

Second,  it  follows  necessarily  from  this  first  law  that  the  ratio  of  the  useful 
to  the  total  expenditure  of  heat,  in  a  machine  whose  action  depends  upon 
change  of  volume  or  of  condition  of  aggregation,  is  independent  of  the  const!  • 
tutioo  of  the  body,  and  is  determined  solely  by  the  extremes  of  temperature 
between  which  the  machine  works,  provided  that  heat  is  not  consumed  in 
bringing  about  change  of  temperature.    The  formula 

y, -To 

which  we  have  found  directly  for  the  hot-air  engine,  holds  good  therefore  for 
every  engine.  It  shows  us  at  once  that  if  any  engine  is  superior  economically 
to  another,  it  is  not  because  the  bodies  which  serve  to  transfer  heat  and  con- 
vert it  into  work  possess  this  or  that  property.  The  only  advantage  which 
one  body  can  present  over  another  is  in  the  wider  limits  of  temperature  ren- 
dered available. 

From  this  point  of  view  the  superiority  of  the  hot-air  engine  over  the  steam 
engine  becomes  evident.  We  cannot  have  the  temperature  of  a  steam  boiler 
much  above  lOO""  or  IBO*",  because  the  very  rapid  increase  of  pressure  for  higher 
temperatures  would  require  extraordinary  thickness.  Since,  on  the  other 
hand,  it  requires  but  little  less  than  a  rise  of  temperature  of  278''  to  increase 
the  pressure  of  a  gas  one  atmosphere,  we  see  what  enormous  temperature 
limits  we  may  have  in  a  hot-air  engine,  without  greater  strength  than  that  re- 
quired for  an  ordinary  high-pressure  steam  engine. 

We  should  have,  then,  greater  economical  advantages,  were  we  not  opposed 
by  practical  difficulties ;  as,  for  instance,  the  oxidation  and  the  rapid  deteriora- 
tion of  metal  which  always  accompanies  highly  heated  air.  The  use  of  super- 
heated steam  would  seem  to  remove  this  objection,  without  greatly  diminish- 
ing the  peculiar  advantages  of  the  gas  engine.  Superlieated  steam  is,  in  fact, 
a  gas  ;  its  pressure  near  the  point  of  saturation  increases  undoubtedly  with  ris- 
ing temperature  more  rapidly  than  that  of  air ;  but  all  its  thermal  and  mechan- 
ical properties  coincide  more  with  those  of  air  the  higher  its  temperature  Is 
raised. 

Future  progress  would  therefore  seem  in  the  direction  of  such  an  applica- 
tion, in  which  the  peculiar  advantages  of  the  hot-air  engine  are  combined  with 
those  of  the  steam  engine. 

Engines  working  with  two  kinds  of  steam,  of  which  much  has  been  heard. 
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are  an  attempt  to  indease  the  mechanical  efficiencj  of  the  steam  engine  by 
dimSniabiiig  the  lower  limit  of  temperature.  The  water-steam  which  is  con- 
densed in  the  condenser  is  made  to  heat  and  yaporize  a  more  volatile  liquid, 
like  ether  or  chloroform.  This  new  steam  works  a  second  engine.  It  thus 
beoomea  possible  to  lower  the  temperature  of  the  condenser  below  that  which 
would  exist  for  water-steam  alone.  The  increase  of  motive  power  in  such  a 
construction  is  shown  bjr  the  diminution  of  To  in  our  formula ;  but  it  is  evident 
that  this  gain  is  not  comparable  with  that  which  we  may  obtain  in  the  steam 
engine  with  superheated  steam,  bj  increase  of  the  upper  limit  7*i. 

V. 

There  remains  still  a  third  kind  of  apparatus  which  we  may  include  among 
heat  engines,  although  it  is  apparently  totally  different  from  the  hot-air  and 
•team  engine,  vis.,  the  electro>magnetic  engine ;  and  in  spite  of  the  small 
practical  results  thus  far  attained  by  it,  these  lectures  would  be  incomplete 
without  some  discussion  of  its  value  and  efficiency. 

There  is,  moreover,  from  a  purely  scientific  standpoint,  hardly  a  subject 
more  fmitful  in  interesting  and  novel  views  than  the  theory  of  the  electro- 
magnetic engine,  and  I  shall  therefore  devote  at  least  as  much  space  to  it  as 
to  the  comparison  between  the  steam  and  hot-air  engine,  even  although  its 
practical  value  at  present  is  less. 

If  we  neglect  differences  of  detail,  we  may  divide  all  electro-magnetic  en» 
gines  into  two  classes ;  either  oscillating  or  rotary.  In  the  oscillating  engine  a 
flzed  wire  coil  or  an  electro-magnet,  as  soon  as  the  current  passes,  attracts 
another  wire  coil,  electro-magnet,  magnetized  steel  rod,  or  a  piece  of  soft  iron. 
As  soon  as  this  movable  piece  comes  in  contact  with  the  fixed,  by  means  of  a 
drenit-breaker,  the  attraction  is  changed  into  repulsion,  or  it  is  neutralised  by 
the  attraction  of  another  piece.  The  motion  is  thus  reversed,  and  this  action 
is  repeated  indefinitely.  Such  a  motion  can  be  utilised  in  a  manner  similar  to 
that  of  a  piston. 

In  the  rotary  engine  the  fixed  and  moving  pieces  are  situated  in  the  radii 
of  two  concentric  circles  or  wheels.  When  the  current  passes,  the  movable 
wheel  strives  to  take  its  position  of  stable  equilibrium,  but  in  the  moment  at 
which  this  is  reached  the  circuit-breaker  acts,  the  wheel  is  carried  round  by 
its  momentum,  and  a  continuous  rotary  motion  is  the  result.  This  motion 
can  be  utilised  like  any  other  motion  of  the  same  kind  produced  by  any 
mechanical  force.  In  both  cases  the  principle  of  construction  and  the  origin 
of  the  force  is  the  same.  The  action  of  the  currents  or  of  the  magnets  strives 
to  bring  about  a  condition  of  stable  equilibrium,  and  some  physical  change  in 
the  system  at  the  moment  that  this  condition  is  satisfied  continues  the  motion. 
What  is  the  mechanical  expression  for  this  entire  action  ? 

Let  us  first  consider  the  case  in  which  the  machine,  in  spite  of  the  passage 
•f  the  current,  is  held  fast  without  motion.  The  electro-motive  voltaic  chain, 
or  battery,  and  the  engine,  form,  then,  a  fixed  system,  in  which  two  kinds  of 
processes  are  simultaneously  going  on.  In  the  battery  there  is  in  a  given  time 
a  certain  amount  of  chemical  action  ;  at  the  same  time,  in  all  the  conductors 
tiutmgh  which  the  current  passes,  heat  is  generated,  and,  so  long  as  the  ma- 
chine  la  not  in  motion,  this  is  all.    In  the  batteiy  we  have  chemical  action ; 
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atoms  obey  their  affinities,  pass  from  one  condition  to  another  in  which  their 
affinities  are  satisfied,  and  so  into  eqailibriam.  From  the  definition  of  mechan- 
ical work,  it  follows  that,  in  such  a  series  of  changes,  positive  work  is  per- 
formed. In  the  system  of  conductors  which  the  stream  passes  through,  there 
is  generated  a  certain  amount  of  living  force  in  the  shape  of  heat.  Necessarily 
there  must  be  an  equivalence  between  the  work  of  the  chemical  forces  and  the 
heat  simultaneously  developed  in  the  conductors  and  battery.  A  given  amount 
of  chemical  action  of  a  given  kind  must  correspond  to  the  generation  of  a  con- 
stant amount  of  heat,  whatever  may  be  the  constitution  of  the  circuit  and  of 
the  battery. 

These  theoretical  conclusions  are  confirmed  by  a  remarkal>le  experiment  by 
Joule  and  Favre.  A.  large  calorimeter,  which  was  essentially  simply  an  im- 
mense mercury  thermometer,  with  two  cavities  in  its  bulb  for  the  reception  of 
bodies,  was  used  by  Favre,  and  the  following  determinations  made :  First,  in 
one  of  the  cavities  was  placed  a  simple  galvanic  element  of  zinc  and  platinum 
immersed  in  acid  water,  united  by  a  very  short  copper  wire.  Thus  was  deter- 
mined the  amount  of  heat  generated  by  one  equivalent  of  zinc  when  decom- 
posed, taking  the  equivalent  at  66  grams.  The  mean  of  a  number  of  good  de- 
terminations showed  that  this  amount  of  heat  was  sufficient  to  raise  87,860 
grams  of  water  one  degree.  Then  the  thick,  short  copper  wire  was  replaced  by 
a  thin  wire  of  considerable  length,  wound  in  a  spiral.  The  decomposition  of 
a  given  quantity  of  zinc  then  was  found  to  give  a  much  less  quantity  of  heat, 
and  the  diminution  was  greater  the  longer  and  thinner  the  wire.  The  wire 
itself  was  notably  heated,  and  when  it  was  included  in  the  other  cavity,  so  that 
the  total  heat,  both  in  the  elements  and  circuit  was  determined,  the  sum  was 
found  to  be  precisely  the  same  as  in  the  first  experiment.  The  decomposition 
of  66  grams  of  zinc,  again,  generated  87,860  heat  units.  Repeated  in  the  most 
diverse  ways,  with  conductors  and  elements  of  the  most  diverse  kind,  the  same 
results  were  always  obtained  :  so  that  in  all  cases  in  which  the  action  of  the 
current  performed  no  outer  work,  the  heat  in  the  entire  circuit  and  the  chemical 
action  were  found  to  be  perfectly  equivalent. 

If  now  the  machine  is  in  motion,  living  force  is  generated  or  work  is  per- 
formed outside  of  the  circle,  as,  for  example,  the  raising  of  a  weight  to  a  cer- 
tain height.  If  the  heat  generated  in  the  circuit  should  still  remain  the  same, 
we  should  have  at  one  time  the  work  of  the  chemical  forces  in  the  battery 
equivalent  to  a  certain  quantity  of  heat,  and,  at  another  time,  equivalent  to  the 
same  heat  increased  by  a  certain  mechanical  work,  which  is  plainly  impossible. 
Accordingly,  if  by  the  action  of  the  current  in  any  system  of  spirals  or  electro- 
magnetSt  outer  work  is  performed,  there  must  be  a  diminution  of  the  heat  gen- 
erated in  the  entire  circuit  by  a  given  amount  of  chemical  action,  and  this 
diminution  must  be  the  exact  equivalent  of  the  outer  work  performed.  Experi- 
ment has  confirmed  this  conclusion.  In  the  second  cavity  of  his  calorimeter 
Favre  replaced  the  conducting  wire  of  the  previous  experiment,  by  a  very  small 
electro-magnetic  engine,  which,  by  means  of  a  mechanism  unnecessary  here  to 
describe,  raised  a  weight.  Under  these  new  conditions  the  decomposition  of 
66  grams  of  zinc  generated  less  than  87,860  heat  units,  and  the  observed  differ, 
ence  stood  in  a  constant  relation  to  the  work  of  the  engine.* 

*  See  Note  19. 
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Every  unit  of  boat  wu  thus  found  to  correspond  to  an  outer  work  of  448 
units.  The  difEeience  between  this  number  and  the  mechanical  equivalent  of 
heat,  as  determined  by  Joule,  or  as  determined  from  the  properties  of  gases, 
does  not  exceed  the  limits  which  may  properly  be  ascribed  to  errors  of  obser- 
▼atlon. 

VI. 

In  an  electro-magnetic  engine  there  is,  therefore,  a  loss  of  heat  as  soon  as 
mechanical  work  is  performed,  and  hence  it  is  with  perfect  propriety  that  we 
have  claTOod  such  machines  among  heat  engines.  The  mechanical  power  is 
due  to  a  partial  transformation  of  the  heat  caused  by  chemical  action  in  the 
battery ;  just  as,  in  the  steam  engine,  it  is  due  to  a  partial  transformation  of 
the  heat  caused  by  combustion  of  fuel  under  the  boiler.  In  the  one  as  in  the 
other  case,  such  transformation  depends  upon  certain  physical  laws,  which 
may  be  regarded  as  so  many  general  consequences  of  the  mechanical  theory  of 
heat.  The  study  of  the  steam  engine  has  revealed  to  us  the  condensation  of 
steam  when  expanding ;  the  study  of  the  electro-magnetic  engine  makes  evi- 
dent to  us  the  necessity  of  the  phenomena  of  induction. 

There  is  bat  one  way  in  which  we  can  comprehend  how  the  motion  of  a 
machine  can  diminish  the  amount  of  heat  generated  in  a  conducting  wire  by  a 
certain  amount  of  chemical  action.  The  generation  of  heat  in  a  unit  of  time 
is  proportional  to  the  square  of  the  intensity  of  the  current,  while  the  intensity 
itself  is  proportional  to  the  amount  of  chemical  action  in  the  same  time.  It  is 
evident  that  the  heat  generated  by  the  decomposition  of  one  equivalent  of 
metal  is  directly  proportional  to  the  intensity  of  the  current  which  causes  this 
chemical  action,  or  inversely  proportional  to  the  time  of  decomposition.  If, 
thus,  ft  is  the  intensity  of  current,  and  t  the  number  of  seconds  reqaired  for  the 
decomposition  of  one  equivalent  of  metal,  then,  since  the  chemical  action  and 
intensity  of  current  are  proportional,  the  product  %  t  is  equal  to  a  constant,  k. 
The  heat  generated  by  the  decompositian  of  one  equivalent  of  zinc  is  propor- 

tlonal  to  Pt,  or  can  be  represented  by  iX;,  or  by  — .    It  is  therefore  necessary 
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that  the  chemical  action  in  a  battery,  the  current  from  which  works  an  electro- 
magnetic engine,  must  be  lessened,  and  hence  the  intensity  of  the  current 
diminished,  by  the  motion  of  the  engine.  If  a  galvanometer  is  interposed  in 
the  current,  its  deviation  during  motion  of  the  en^ne  must  be  less  than  when 
the  engine  is  at  rest,  and  the  difference  will  be  greater,  the  greater  the  work  of 
the  machine  corresponding  to  a  given  chemical  action.  This  is  completely  con- 
firmed by  experiment.  There  can  be  no  doubt  as  to  the  fundamental  fact  that 
the  motion  of  an  electro-magnetic  engine  diminishes  the  intensity  of  the  cur- 
rent What  can  be  the  cause  of  this  diminution?  Is  it  an  increase  of  the 
resistance  to  the  current?  Is  it  a  process  similar  to  that  which  separates  and 
puts  in  motion  the  two  kinds  of  electricity  in  the  battery  ? 

An  increase  of  resistance  is  impossible,  because  experiment  has  proved  that 
the  resistance  of  a  conductor  is  the  same,  whether  it  is  at  rest  or  in  motion.  It  is 
therefore  necessary  that,  in  a  machine  whose  parts  are  relatively  in  motion,  a  cur- 
rent shall  tend  to  give  rise  to  an  opposite  current,  or,  using  the  customary  expres- 
■loo,  an  electro-motive  foroe  shall  be  generated,  opposed  to  that  of  the  battery. 
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Bat  whatever  takes  place  in  a  machine  in  oonseqnence  of  its  motion,  must 
take  place  also  in  any  system  of  conductors  and  carrents  when  in  any  sort  of 
motion.  If,  therefore,  a  closed  conductor  is  mored  in  the  neighborhood  of  a 
magnet  or  carrent,  the  motion  must  cause  in  the  conductor  a  current  opposed 
to  that  which  would  have  to  pass  through  it,  in  order,  by  means  of  electro- 
magnetic forces,  to  continue  such  motion. 

In  this  sentence  you  have  already  recognized  one  of  the  fundamental  laws 
of  induction,  and  it  would  not  be  difficult  to  prove,  analogically  at  least,  in 
similar  manner,  all  those  discoveries  which  have  rendered  so  famous  the  name 
of  Faraday.  Induction  currents,  the  existence  of  which  seemed  at  first  so  mar- 
velous to  physicists,  were  observed  by  Ampere  *  ten  years  before  Faraday,  but 
without  his  daring  to  believe  them.  It  was  sought  in  vain  to  deduce  them 
from  the  phenomena  of  static  electricity.  By  means  of  the  mechanical  theory 
of  heat  they  receive  their  true  interpretation.  The  generation  of  induction 
currents  are  the  means  which  nature  employs  in  order  to  produce  work  in  the 
electro-magnetic  engine.  The  laws  governing  induction  currents  are  such  that 
the  equation  of  living  forces  is  fulfilled  both  for  motion  of  the  machine  as  well 
as  for  rest. 

If  we  consider  on  one  hand  the  known  expression  for  the  mutual  action  of 
two  currents,  and  on  the  other  the  proportionality  of  the  heat  generated  by  the 
current  to  the  square  of  the  intensity,  as  given  by  experiment,  and  unite  these 
two  facts  by  the  principle  which  we  have  deduced,  we  can  determine  generally 
both  the  direction  and  intensity  of  the  induced  current  generated  by  the  relative 
motion  of  a  current  and  a  closed  conductor.  We  may  in  this  way  discover  all 
the  laws  deduced  by  Neumann,  in  1845,  in  an  entirely  different  manner,  upon 
which  chiefly  rests  his  scientific  fame. 

This  remarkable  relation  between  the  mechanical  theory  of  heat  and  the 
phenomena  of  induction  was  first  made  known  by  Helmholtz,  in  1847. 
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Among  the  number  of  laws  deduced  in  this  manner  by  theory,  and  con. 
firmed  by  experiment,  is  that  of  the  proportionality  of  the  induced  current  to 
the  velocity  of  the  motion  producing  it.f  As  the  motion  of  an  electro-magnet 
is  accelerated,  the  electro-motive  force  of  induction  increases,  and  hence  the 
current  intensity  of  the  battery  diminishes.  The  absolute  work  which  the 
machine  can  perform  in  a  given  time  is  therefore  diminished,  but  in  the  same 
time  the  heat  generated  by  the  decomposition  of  a  given  quantity  of  sine 
diminishes  also ;  the  fraction  of  the  work  of  the  chemical  forces  which  is 
transformed  into  heat  diminishes,  and  the  portion  equivalent  to  the  work  of 
the  machine  approaches  unity  the  more  the  velocity  increases.  We  maj, 
therefore,  by  a  suitable  increase  of  the  velocity,  transform  with  any  desired 
completeness  the  entire  work  of  the  chemical  action,  or,  what  is  the  same 
thing,  the  entire  heat  generated,  into  mechanical  work.| 

Thus  the  electro-magnetic  engine,  which  has  so  far  proved  in  practice  the 
most  imperfect  of  all  engines,  is  theoretically  the  most  perfect  and  efficient. 
It  only  can  utilize  all  the  heat.    It  does  not,  however,  follow  that  it  is  only 

•  Bee  Note  SO,  at  tlw  end  Of  tbeae  lectures.  tSeeNoteSl.  $  Bee  Note  ». 
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to  confonn  to  the  requiiexnents  of  theoiy,  that  is,  to  give  the  engine 
the  greatest  possible  yelocity,  in  order  to  make  it  practically  available.  The 
sine  and  acids  necessary  for  the  battery  are  expensive,  more  so  than  that  of  the 
carbon  used  with  them,  and  in  spite  of  the  theoretical  superiority  of  the  electro- 
magnetic engine,  it  is  mach  more  economical  to  consume  this  carbon  as  fuel  in 
a  steam  or  hot^ir  engine.  This  must  be  the  case  until  we  can  obtain  with  less 
cost  bodies  which  possess  powerful  chemical  affinities,  that  is,  substances  which 
strive  energetically  to  remain  in  chemical  union,  or  to  return  into  union.  The 
solution  of  such  a  problem  appears  not  much  more  probable  than  the  discovery 
of  deposits  of  native  zinc,  or  of  springs  of  sulphuric  acid. 

m 

vm. 

We  have  by  no  means  exhausted  all  that  may  be  learned  from  the  electro- 
magnetic engine.  We  may  arrive  at  results  not  less  important  than  the  pre- 
ceding by  assuming  the  ordinary  action  of  the  engine  to  be  reversed,  so  that 
work  is  consumed  Instead  of  being  produced. 

If,' for  example,  the  current  passes  through  the  fixed  spiral,  and  we  unite 
the  ends  of  the  moving  spirals  by  a  conducting  wire,  so  that  one  or  more  circuits 
are  formed,  the  machine  cannot  be  set  in  action  without  causing  induction 
currents  in  these  circuits. 

These  induced  currents  oppose  a  resistance  to  the  motion  of  the  machine, 
-which  increases  the  amount  of  that  vrGtk  necessary  in  order  to  work  the  machine 
with  constant  velocity.  In  the  same  time,  the  wires  traversed  by  the  induction 
eoxrent  are  heated,  and  the  final  result  Is  the  transformation  of  a  certain 
mmonnt  of  work  into  heat.  The  determination  of  these  two  quantities  furnishes 
a  new  value  for  the  mechanical  equivalent,  J, 

It  was  with  such  experiments  that  Joule,  in  1848,  began  his  researches. 
He  deduced  a  value  for  J  of  462,  deviating  considerably,  therefore,  from  the 
later  and  more  accurate  determinations.  But,  however  considerable  the  differ- 
ence may  appear,  we  may  safely  assume  that  it  can  be  entirely  attributed  to 
the  difficulties  of  the  determination  and  the  imperfection  of  the  apparatus.* 

If  we  substitute  for  the  wire  spirals,  composed  of  wire  of  greater  or  less 
leng^ih  and  fineness,  in  which  the  induction  current  is  of  small  intensity,  and 
therefore  generates  but  little  heat,  a  metallic  plate  of  0.01  meter  in  thickness, 
and  of  a  diameter  corresponding  to  the  dimensions  of  the  fixed  electro-magnet, 
we  shall  find  that  the  current  is  greatly  increased  and  that  a  great  amount  of 
heat  is  generated.     There  must,  therefore,  be  considerable  expenditure  of 


This  new  form  of  the  experiment  is  Interesting  on  two  accounts.  From  a 
theoretical  point  of  view  we  notice  that  the  principle  of  the  equivalence  of  work 
and  heat  gives  in  this  case  a  direct  relation  between  the  beginning  and  end  of  a 
aeries  of  effects,  the  intermediate  portions  of  which  are  at  present  but  little 
understood,  which  are  very  different  in  conductors  of  considerable  dimensions 
fhMD  simple  wires.  In  the  second  place,  the  heat  generation  is  so  considerable 
thai  it  is  possible  to  make  it  evident  by  instruments  of  suitable  delicacy,  and 
show  it  to  a  room  full  of  persons. 

*8MNoteS8. 
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Some  of  70U  have,  witlioai  doubt,  reoognized  in  these  lenuurks  the  experi- 
ment of  Foncault,  which  attracted  so  much  attention.  In  order  to  derive  from 
it  all  the  information  possible,  it  will  be  adyantageous  to  give  it  two  different 
forms. 

First  we  give,  by  some  simple  mechanism,  the  metallic  plate  a  great  veloc- 
ity, without  allowing  the  current  to  pass  through  the  conducting  wire  of  the 
electro-magnet  between  whose  poles  the  plate  revolves.  As  soon  as  the  desired 
velocity  is  attained,  we  let  the  current  pass,  and  the  plate,  by  the  influence  of 
the  induced  currents,  is  brought  instantly  to  rest.  The  induced  currents  cease 
as  soon  as  the  plate  comes  to  rest,  but  the  heat  remains.  We  may  say  that  the 
final  result  of  the  experiment  is  that  all  the  living  forces  which  before  belonged 
to  the  entire  mass  have  been  transferred  to  the  molecules  and  become  visible 
as  heat.  The  sudden  stoppage  of  the  plate  can  be  easily  proved,  and  shows 
plainly  the  existence  and  intensity  of  the  induced  currents,  but  by  reason  of 
the  magnitude  of  the  number  which  expresses  the  mechanical  equivalent,  the 
heat  developed  is  but  slight  and  can  only  be  made  evident  by  the  most  sensitive 
instruments.  In  the  second  form  of  the  experiment  it  is  different.  We  let  the 
stream  pass  through  the  electro-magnet,  and  then  seek  to  put  the  plate  in  mo- 
tion. The  effort  necessary  for  this  is  a  visible  sign  of  the  resistance  to  be  over- 
come.   A  few  minutes  of  motion  cause  a  rise  of  temperature  of  60  to  00  de- 


IX, 

This  experiment  is  the  last  which  I  shall  borrow  from  physics.  Before 
leaving  the  domain  of  this  science  let  me  direct  your  attention  to  this  table,  in 
which  we  have  grouped  those  determinations  of  the  mechanical  equivalaot 
which  are  the  most  reliable. 


TABLB  OF  THE  ICBCHANICAL  BQUTVALIENT. 
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The  coincidence  of  these  results  is  very  satisfactory,  and  may  be  regarded  aa 
oonfirmation  of  the  theory. 

There  are  only  two  values  which  deviate  greatly,  the  value  452,  found  by  Joule 
in  his  experiments  with  induced  currents,  and  the  value  400,  given  by  Quintus 
Icilius.    I  have  already  pointed  out  the  imperfections  of  Joule's  determination. 


mTBODUCTION.  45 

Ab  to  the  Tilve  found  bj  Iciliiu,  it  is  snfBcient  to  xemark  that  his  methods  re- 
quire the  eombiojitlon  of  a  great  nomber  of  accurate  determinations  which  are 
independent  of  each  other.  It  is,  therefore,  small  matter  of  wonder,  if  his  re- 
sult doTiatee  much  from  the  nnml)er  423,  which  seems  to  be  the  mean  of  the 
other  determinations.* 

Let  na  now  consider  the  application  of  the  new  theory  in  chemistry.  In  the 
three  kinds  of  machines  which  we  have  considered,  we  see  that  the  motive 
power  is  dne  to  a  consumption  of  heat  But  from  whence  comes  this  heat,  if 
not  from  the  action  of  chemical  forces  ?  In  the  steam  and  hot-air  engines  we 
hare  heat  generated  bj  the  chemica]  action  of  combustion,  and  while  this  heat 
calls  into  existence  a  series  of  physical  processes,  a  part  of  it  disappears  and 
leappeais  in  the  shape  of  mechanical  work. 

In  the  electro-magnetic  engine  the  transformation  is  direct.  The  heating 
effects  of  a  certain  amount  of  chemical  action  are  diminished  by  the  action  of 
the  opposed  "  induced"  currents,  by  an  amount  exactly  equal  to  the  mechani- 
cal work  performed.  This  difference,  however,  cannot  conceal  the  funda- 
mental identity  of  the  three  cases.  In  all  three  the  motive  force  is  either  a 
direct  or  indirect  transformation  of  chemical  affinities. 

These  mysterious  forces,  which  seem  to  elude  all  exact  determination, 
thus  oome  under  the  dominion  of  general  mechanical  laws,  and  are  snsceptible 
of  numerical  determinations.  We  cannot  determine  their  actual  intensities, 
that  is,  measure  the  accelerations  which,  in  a  ^ven  time,  they  impart  to  the 
atoms  upon  which  they  act ;  but  their  work  in  the  composition  or  decomposi- 
tkm  of  any  combination  can  now  be  determined  with  the  same  exactness  as 
the  work  of  falling  water. 

If,  for  example,  one  gram  of  hydrogen  and  eight  grams  of  oxygen,  of  a  cer- 
tain temperature,  are  brought  together  under  such  circumstances  as  to  cause 
tiieir  union,  and  if  we  then  bring  the  nine  grams  of  steam  or  water  back  to  the 
offij^nal  temperature,  the  smount  of  heat  which  must  be  imparted  to  outer 
bodies,  multiplied  by  the  mechanical  equivalent,  is  the  exact  work  of  the 
chemical  action,  provided  that  the  union  is  not  accompanied  by  any  outer 
work,  that  no  living  force  is  imparted  to  other  bodies,  or  imparted  to  the 
bodies  which  take  part  in  the  chemical  action.  The  case  of  an  explosion 
which  is  accompanied  by  mechanical  action  is  therefore  excluded.  You  will 
readily  recognize  that  this  limitation  is  unavoidable,  for,  as  we  have  seen  in 
the  electro-magnetic  engine,  a  constant  amount  of  chemical  action  can  gen- 
erate a  different  amount  of  heat,  according  as  we  have  a  simultaneous  develop- 
ment of  mechanical  work  or  not. 

I  scarcely  need  to  call  your  attention  to  the  importance  of  this  new  point  of 
view  in  thermo-chemical  investigations.  It  fonns  at  once  a  bond  of  union  be- 
tween chemistry  and  general  mechanics.  Nor  is  this  one  of  those  superficial 
and  unfruitful  remarks  which  are  constantly  uttered  as  to  the  univermdity  of 
mechanical  laws  or  the  dependence  of  every  phenomenon  upon  motion.  We 
can  give  examples  of  chemical  action  which  can  only  now  be  perfectiy  ex- 
plained by  mechanical  considerations.  Such  examples  are  found  in  that  part 
of  chemistry  which  we  may  call  electro-chemistry,  and  which  is  properly  oon^ 
Mered  as  equally  belonging  to  chemistry  and  phyrics. 
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You  know  that  a  carrent  which  passes  through  a  compound  conductor 
always  decomposes  it.  You  know,  further,  that  everj  chemical  action  which 
occurs  between  two  conducting  bodies  which  form  a  closed  circuit  causes  a 
carrent.  Hence  it  seems  evident  that  there  must  be  decomposition  when  we 
put  the  poles  of  a  battery  in  connection  with  two  strips  of  platinum  immersed 
in  a  compound  conducting  liquid.  Tliis  conclusion  is,  however,  inexact.  The 
decomposition  of  water,  for  example,  is  impossible  by  means  of  a  battery  com- 
posed of  zinc  and  platinum  or  copper,  with  water  acidulated  with  sulphuric 
acid.  Ordinarily,  in  order  to  increase  the  conductive  power  of  a  fluid,  acid  is 
added  to  it,  but  even  this  fails  here.  There  is  no  decomposition,  and  no  appre- 
ciable current  flows  through  the  apparatus.*  These  facts  appoared  for  a  long 
time  incomprehensible,  but  it  is  easy  to  show  that  it  is  mechanically  impossible 
under  these  circumstances  to  decompose  the  water.  The  negative  work  of  the 
chemical  afiBnlties  is,  by  such  decomposition,  greater  than  the  positive  work  of 
the  aflSnities  in  the  battery. 

We  know  that  the  decomposition  of  one  equivalent  of  sine  in  evezy  dilute 
acid  corresponds  to  87,880  heat  units.  On  the  other  hand,  the  combustion  of 
one  equivalent  of  hydrogen  generates  84,460  heat  units.  It  is  clear  that,  in 
the  battery  with  acid  water,  the  negative  work  of  the  chemical  aflinities  must 
be  exactly  equal  and  opposed  to  the  positive  work  of  the  same  affinities  which 
in  an  apparatus  serve  for  the  combustion  of  the  hydrogen.  If,  therefore, 
according  to  the  laws  of  electro-chemistiy,  we  assume  that  each  equivalent  of 
sine  decomposed  in  the  battery  causes  the  decomposition  of  one  equivalent  of 
water,  or  the  formation  of  two  equivalents  of  hydrogen,  and  if  we  take  into 
account,  also,  the  heat  generated  in  the  conductor  by  the  current,  we  shall  flnd 
in  a  system  at  rest  a  greater  negative  than  positive  work,  and  at  the  same 
time,  in  addition,  a  generation  of  heat,  that  is,  of  living  force.  This  is  a 
mechanical  contradiction,  the  existence  of  which  shows  why  decomposition 
cannot  occur.    For  this  explanation  we  are  indebted  to  Favre.f 

Undoubtedly  this  phenomenon  appears  essentially  different  from  ordinary 
chemical  processes.  There  is  in  the  system  a  regular  combination  of  substances 
acting  upon  each  other,  and  also  conductors  which  take  no  part  in  the  chemi- 
cal actions,  and  yet  whose  presence  is  absolutely  necessary.  All  this  does 
not  seem  to  resemble  very  closely  the  reactions  which  go  on  in  the  test  tube  of 
the  chemist  If,  however,  we  recall  the  fact,  which  is  to-day  settled,  that  the 
action  of  acid  hydrates  upon  metals  is  always  a  pure  galvanic  process,  in  which 
the  metal,  its  impurities,  and  the  acid  form  a  galvanic  chain,  we  shall  probably 
be  inclined  to  regard  the  difference  as  only  accidental,  and  to  see  in  this  first 
application  of  mechanical  considerations  to  electro-chemical  processes  the  type 
of  a  series  of  applications  which  may  in  future  extend  orer  the  whole  domain 
of  chemistry.]: 

Just  as  electro-chemical  phenomena  find  their  explanation  in  the  considera- 
tion of  the  heat  effects  of  combinations,  so  the  theory  of  electric  currents 
allows  in  many  cases  of  other  determinations,  in  the  place  of  calorimetrio 
measurements,  which  may  be  made  much  easier  by  means  of  the  galvanometer 
and  the  rheostat.  From  Ohm's  laws,  together  with  the  laws  of  electric  heat- 
ing, we  deduce  that  the  total  heat  generated  by  the  chemical  action  involved 

•SeeNoteSS.  tSeeNoteaS.  tSeeNoteST. 
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In  the  decompoBition  of  one  equiyalent  of  sine  is  proportional  to  that  namber 
which  we  call  the  electro-motive  force.  This  at  least  is  always  the  case  when 
there  Is  no  dietnrbing  action  hj  reason  of  a  gas  developed  upon  the  surface  of 
a  metal  in  the  battery  or  in  the  circnit. 

This  relation,  first  clearly  announced  by  Helmholtz  in  1847,  appears  to  have 
been  discovered  by  Jonle  in  1841.  It  gives  to  the  determination  of  electro- 
motive forces  especial  interest,  and  has  led  Regnanlt  to  interesting  condosions 
as  to  the  oonstitations  of  metallic  amalgams.* 

We  have  long  known  that  the  electro-motive  force  of  a  galvanic  battery  is 
eonridermbly  increased  when  we  substitute  amalgamated  for  pure  sine,  but 
thus  far  have  been  able  to  give  for  this  peculiar  result  only  still  more  peculiar 
ezplanatlona.  Begnault  remarked  that  amalgamated  sine  generated  more 
heat.  In  oombining  with  oxygen  and  an  acid,  than  pure  zinc,  and  that,  conse- 
quentl J,  when  the  mercury  is  separated  from  the  sine,  heat  is  developed.  The 
qppoelte  process — the  formation  of  tbe  amalgam*— must  therefore  produce  cold. 
The  eleetro-motive  force,  on  the  other  band,  is  diminished  when  we  substitute 
amalgamated  for  pure  cadmium.  The  amalgamation  of  cadmium  must  there- 
fore produce  heat.  Both  these  conclusions  are  perfectly  confirmed  by  experi- 
ment. These  phenomena  find  their  explanation  in  the  almost  perfect  identity 
in  chemical  properties  of  sine  and  cadmium,  and  their  great  difference  in  latent 
heat.  The  two  metals  possess  probably  almost  the  same  affinities  for  quick- 
silver, and  their  union  with  this  substance  must  therefore  involve  almost  equal 
quantities  of  heat  When  the  amalgam  is  decomposed,  we  have  then,  as  the 
caloric  result,  only  the  difference  between  the  heat  developed  by  chemical 
aetioii,  and  that  absorbed  during  decomposition.  We  thus  see  how  tbe  zinc 
can  produce  cold  and  the  cadmium  heat,  since  the  first  metal  requires  for 
liquefaction  about  twice  as  much  heat  as  the  second.  These  considerations 
apply  to  all  metallic  amalgams,  and  are  in  accordance  with  experiment.  (See 
tiie  remarks  of  Begnault  in  the  Ck>mptes  rendns,  1860,  vol.  11.,  p.  778.) 

X. 

But  not  only  machines  owe  their  moving  force  to  the  work  of  chemical 
tfllnitlee.  The  motive  power  of  man  and  animals  is  due  to  the  same  cause. 
Breathing  and  all  the  chemical  reactions  which  take  place  between  the  outer 
atmosphere  and  the  body  serve  not  only  to  preserve  a  constant  temperature 
and  to  remove  waste  materials.  Breathing  is  also  the  source  of  the  capability 
which  a  living  being  possesses  of  moving  exterior  bodies,  or,  by  means  of  some 
outer  point  of  resistance,  of  moving  itself. 

However  complex  these  chemical  reactions  may  be,  individually,  their  final 
result  corresponds  to  the  natural  tendency  of  the  affinities.  This  is  a  constant 
fotmation  of  water  and  carbonic  acid  at  the  expense  of  the  hydrogen  and 
carbon  which  exist,  either  in  the  body  or  in  the  food,  in  a  combination  in  which 
their  affinities  for  oxygen  are  not  completely  satisfied.  The  work  of  the 
chemkal  processes  In  breathing  is  thus  essentially  positive.  If  the  animal  is 
at  rest,  this  work  is  the  equivalent  of  the  amount  of  heat  which  is  constantly 
developed  in  order  to  replace  the  loss  of  heat  due  to  radiation,  contact  with  the 
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air,  and  peispiratioii.*  If  the  animal  is  in  motioB,  a  portion  of  the  woric  of 
the  chemical  affinities  is  eqniTalent  to  the  outer  woiIe  performed,  and  only  the 
remainder  is  converted  into  heat.  Therefore,  the  same  amount  of  chemical 
action  causes  in  an  organism  at  rest  a  greater  amoont  of  heat  than  when  the 
organism  is  in  motion. 

These  ideas,  which  were  first  expressed  hj  Jnlins  Robert  Mayer,  in  1846, 
haye,  in  fact,  caused  in  general  physiology  an  advance  similar  to  that  which 
was  due  to  the  discoveries  of  Lavoisier  and  Sennebier  nx>on  respiration,  at  the 
end  of  the  last  century.  They  have  not  remained  purely  theoretical ;  two 
different  series  of  experiments  have  given  veiy  remarkable  confirmation.  The 
first  is  due  to  Him.  It  consisted  in  confining  a  man  in  a  closed  room,  who  for 
some  time  remained  at  rest.  He  then  performed,  for  some  time,  work  in  a 
tread-mill,  and  in  lx)th  cases  the  heat  and  chemical  action  of  respiration  were 
observed.  Each  time  the  heat  generated  and  the  carbonic  add  exhaled  were 
measured.  The  ratio  of  the  first  to  the  second  was  less  during  motion  than 
during  rest.  A  given  amount  of  chemical  action,  therefore,  developed  less 
heat  while  work  was  performed  than  during  rest.  The  difference,  for  each 
individual,  was  closely  proportional  to  the  work  jterformed.  The  conditions  of 
the  experiment  are,  however,  too  complex,  and  the  changes  in  the  body  too 
difficult  of  measurement,  in  order  to  determine  in  this  way,  as  Him  endeavored 
to  do,  the  value  of  the  mechanical  equivalent  of  heat. 

B^clard  attacked  the  question  in  another  way,  and  by  means  of  an  experi- 
ment which  any  one  who  possesses  a  good  thermometer  can  repeat,  showed 
that  heat,  in  the  organism,  Is  transformed  into  work.  By  the  simple  applica- 
cation  of  such  an  instrument  to  the  muscles  of  the  arm,  he  showed  that  the 
heat  generated  by  muscular  contraction  was  always  less  when  the  musdes, 
during  contraction,  performed  outer  work,  such  as  the  raising  of  a  weight. 
He  showed,  further,  that  the  heat,  on  the  other  hand,  is  increased  when  the 
muscles  support  a  weight,  which,  falling  under  the  action  of  gravity,  performs 
outer  positive  work. 

The  results  of  these  two  series  of  experiments  are  the  most  valuable  by 
which  experimental  physiology  has  in  recent  times  been  enriched.  It  is,  more- 
over, clear  that  they  are  in  nowise  contradicted  by  the  daily  experience  that 
every  bodily  exertion  is  accompanied  by  heat.  The  contraction  of  a  muscle 
increases  undoubtedly  the  heat  generated  in  an  organism  in  a  given  time,  but  it 
increases  also  the  consumption  by  respiration,  so  that,  even  without  direct  proof, 
we  might  condude  the  necessity  of  nourishment  as  a  consequence  of  work. 

The  investigations  of  Him  and  B^clard  simply  show  that,  in  accordance 
with  the  theory  of  Mayer,  the  consumption  increases  in  a  greater  ratio  than 
the  generation  of  heat  Every  animal,  every  being  endowed  with  voluntary 
motion,  can  thus  be  regarded  as  a  heat  engine.  Every  motion  is  but  a  partial 
transformation  into  work  of  heat,  furnished  by  combustion  of  fuel  in  the  shape 
of  food,  etc.,  perfectiy  comparable  to  that  transformation  which  occurs  in  the 
electro-magnetic  engine.  If  a  living  being  can  apparently  increase  at  will  the 
sum  of  the  living  forces  surrounding  him  at  any  moment,  it  is  only  under  the 
condition  that  the  sum  of  the  living  forces  of  the  heat  generated  by  diemlcal 
actions  in  his  own  organism  shall  be  diminished  by  a  precisely  equivalent 
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■mount.  We  may,  in  fact»  saj  that  lie  poesesses  only  the  power  of  directing 
the  living  forces  which  are  being  constantly  generated  within  him  by  the 
action  of  chemical  affinities ;  and  in  order  to  show  the  true  nature  of  this 
power  I  cannot  do  better  than  to  borrow  from  Mayer  the  comparison  of  the 
will  in  a  sentient  animal  to  the  man  at  the  helm  of  a  steamship,  which  he 
indeed  guides,  bat  without  being  in  any  sense  the  physical  cause  of  the 
motion.  "The  motion  of  the  Tessel,"  says  Mayer,  "obeys  the  will  of  the 
pilot  and  the  engine-driyer — ^the  spiritual  influence  without  which  the  ship 
could  not  move,  or  would  be  destroyed  on  the  first  reef.  The  pilot  guides,  but 
be  does  not  move.  For  motion,  the  force  in  the  coal  js  necessary,  and  with- 
out this  the  ship  must  remain  at  rest— dead—no  matter  how  strong  the  will 
of  tbe  inlot" 

XL 

^n  essentially  different  field  is  opened  to  us  by  the  vegetable  kingdom.  In 
the  higher  plants,  at  least,  the  final  result  of  the  life  processes  is  opposed  to 
the  chemical  affinities.  Under  conditions  which  continually  tend  to  convert  sub- 
stances into  carbonic  acid  and  water,  still  the  higher  plants  are  constantly  in- 
creasing the  quantity  of  these  substances  already  existing.  The  work  of  the 
affinities  within  them  Is  therefore  a  negative  one,  and  our,  as  yet,  complete  ignor- 
ance as  to  the  mechanism  of  plant  life  need  not  prevent  our  giving  complete 
assent  to  this  conclusion,  for  it  is,  after  all,  only  formulating  that  which  goes  on 
in  every  forest  and  on  every  meadow.  Apparently  without  sustenance,  and 
year  after  year,  wood  and  grasses  are  produced,  and  removed  by  man.  But  this 
coDtinnal  triumph  of  the  vegetable  kingdom  over  chemical  affinities  can  only 
be  sustained  by  an  equivalent  consumption  of  living  force  or  of  heat.  Hence, 
for  all  vegetation,  the  direct  or  indirect  action  of  the  sun  is  an  absolute  neces- 
sity. Only  infusorial  plants  and  parasites  are  exceptions.*  Neither  the  special 
lefrangibility  of  those  rays  which  are  considered  as  especially  favorable  to 
vegetatlon,f  nor  the  weakness  of  their  thermometric  action,  distinguishes  these 
rays  essentially  from  those  which  are  called  "heat  rays."  That  which  the 
plant  absorbs  from  the  sun  is  heat — that  is,  living  force  ;  a  vibrating  motion 
of  atoms  distinguished  only  by  period  and  amplitude  of  vibration  from  those 
which  act  upon  the  thermometer.  By  the  consumption  of  this  living  force  the 
amount  of  combustible  material  is  increased.  In  the  combustion  of  the  pro- 
ducts of  vegetation  we  simply  recover  this  living  force,  which  opposed  the 
chemical  affinities  and  prevented  combination.  Thus,  to  a  transformation  of 
the  sun's  heat  we  owe  the  fuel  we  bum  and  the  vegetable  food  which  sustains 
the  eneigies  of  man  and  beast.  To  a  similar  transformation  we  owe  all  the 
mineral  fuel  which  sustains  our  industries.  When  we  remember,  further, 
that  it  is  the  sun  which  makes  the  wind  to  blow,  which  evaporates  water,  and 
causes  rain  and  sustains  rivers,  you  will  recognize  that  not  only  the  motion  of 
the  tides,  but  every  motion  upon  this  earth,  has  its  origin  directly  or  indirectly 
in  the  sun. 

•See  Note  80. 

t  See  Note  8L  Yerdet  wrote  the  above  lines  nnder  tlie  erroneons  impresdoo  that  the 
man  nTraiigible  part  of  tbe  ipeetram  was  that  which  furaished  the  llvlnfr  force  to  the  plant 
TIk  Note  81  gives  tlioae  ezpeiimeBte  and  riewa  which  are  now  generally  accepted. 
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XIL 

This  beautifal  natural  hannony  turns  our  attention  to  the  centre  of  our 
sjstem,  and  leads  us  to  the  consideration  of  the  astronomical  applications  of 
the  new  theory. 

You  are  all  familiar  with  the  hypothesis  of  Bnffon  as  to  the  origin  of  the 
Ban's  heat.  According  to  him,  the  unceasing  fall  of  comets  upon  the  surface 
of  the  sun  furnishes  the  materials  of  combustion.  The  more  we  have  learned 
about  the  motions  of  comets,  and  the  more  we  have  departed  from  the  idea 
that  the  sun  is  a  fumade  similar  to  our.artificial  sources  of  heat,  the  more  has 
Buffon's  hypothesis  been  forgotten.  The  mechanical  theory  of  heat  has  revived 
it  again  and  rejuvenated  it.  Mayer  first  called  attention  to  the  fact  that  a  body 
arriving  at  the  san  would  lose,  at  the  moment  of  its  impact,  the  .  enormous 
quantity  of  living  force  due  to  the  action  of  gravity,  and  that  this  loss  of  living 
force  must  cause  a  development  of  heat.  It  is  sufficient,  therefore,  to  accoant 
for  all  the  heat  which  the  sun  gives  out  into  space,  if  its  mass  is  continually 
growing  by  the  addition  of  comets,  aerolites,  and  other  cosmical  bodies. 

William  Thompson,  who  has  developed  and  followed  up  this  idea  of  Mayer 
with  equal  sagacity  and  boldness,  believes  that  these  bodies,  which  by  their 
fall  heat  the  sun,  probably  come  from  that  immense  cloud  which  surrounds  it, 
to  which  astronomers  give  the  name  of  "  zodiacal  light."  Assuming  this,  he 
was  able  to  calculate  the  mass  which  mast  yearly  fall  upon  the  sun,  in  order  to 
compensate  the  loss  of  heat  which  follows,  from  the  researches  of  Pouillet 
upon  the  thermometrical  effects  of  the  sun's  rays.  If  this  mass  has  the  mean 
density  of  the  san,  it  would  form  a  layer  of  only  twenty  meters  in  thickness. 
This  thickness  is  considerably  less,  if  we  assume  with  Watterson  that  the  mass 
which  the  son  attracts  streams  in  from  all  quarters  of  space.  In  either  case 
there  is  an  inconsiderable  increase  of  diameter,  which  would  elude  the  closest 
scrutiny  for  many  years.  Even  according  to  Thompson's  estimate,  it  would 
require  no  less  than  four  hundred  years  in  order  that  the  angle  subtended  at 
the  sun  should  be  increased  by  one-tenth  of  a  second. 

But  another  consequence  of  the  hypothesis  allows  of  an  easier  test  by 
experiment.  The  sun  turns  upon  its  axis  in  about  25  days.  Every  foreign 
substance  which  unites  with  it  diminishes  its  velocity  of  rotation.  Thompson 
has  calculated  the  thickness  of  the  layers  gradually  deposited  upon  the  sun's 
surface,  and  found  that  the  retardation  would  amount  to  one  hour  in  68  years. 
Unfortunately,  we  cannot  at  present  determine  the  time  of  rotation  within  aa 
hour.  It  is  very  difficult  of  determination,  as  it  must  be  found  by  observation 
of  sun  spots,  which  have  also  a  proper  motion  of  their  own,  as  well  as  sharing 
the  motion  of  the  sun.  The  influence  of  this  proper  motion  can  only  be  elim- 
inated by  long  series  of  observations.  This  second  confirmation  therefore  is  at 
present  impossible,  and  would  appear  to  be  so  for  a  long  time  to  come.  But  it 
is  not,  like  the  first,  deferred  to  an  infinite  time. 

The  fundamental  idea  of  the  mechanical  theory  of  heat  has  been  combined 
with  the  hypothesis  of  Laplace  as  to  the  origin  of  the  solar  system,  and  we 
thus  obtain  another  explanation  of  the  heat  of  the  sun  and  planets.  The 
endeavor  has  even  been  made  to  dedace  in  this  manner  the  age  of  the  sun. 
I  do  not  require  that  you  shall  follow  me  in  speculations  of  this  kind,  which 
may  perhaps  appear  as  extremely  hypothetioali  or  for  whioh  the  test  of  expe* 
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liflnce  appears  too  distant ;  bat  I  would  point  oat  how  far  the  scope  of  the  new 
theoiy  extends.*  In  this  connection  it  has  been  said  that  science  is  on  the 
load  to  the  discoveiy  of  new  laws,  as  fandamental  and  as  accurate  as  those 
made  known  by  Newton  in  his  generation.  You  may  perhaps  be  indined  to 
nothing  chimerical  in  this  yiew. 


xm. 

I  cannot,  however,  allow  you  to  believe  that  these  laws  are  yet  discovered. 
Now  that  I  have  indicated  all  that  the  new  theory  teaches  us,  I  must  also  call 
your  attention  to  what  it  compels  us  to  neglect.  The  principle  of  the  equivalence 
of  heat  and  work  is  only  one  form  of  the  equation  of  living  forces.  A  special 
advantage  connected  with  the  application  of  this  equation  is,  that  it  allows  us 
to  express  relations  between  different  conditions  of  the  same  system  which  are 
independent  of  intermediate  conditions.  Its  disadvantage  is,  that  it  shows  us 
nothing  as  to  these  intermediate  conditions.  This  is,  strictly,  the  true  cha^c- 
ter  of  the  new  theory.  It  teaches  us  the  "  why  "  and  the  "  how  much,"  but 
it  does  not  answer  the  "how."  Thus  we  know  indeed  that  steam,  in  expand- 
ing, transforms  a  part  of  the  heat  which  it  contains  into  work  or  living  force ; 
we  know  that  induced  currents  are  necessary  in  order  that  both  motive  power 
and  heat  may  be  furnished ;  but  in  both  cases  the  process  itself,  the  play  of  the 
elementary  forces,  is  unknown.  It  is  much  to  have  determined  the  true  nature 
of  a  problem,  and  to  have  confined  within  fixed  limits  the  field  opened  out  by 
hypothesis.  The  application  of  the  mechanical  theory  of  heat  to  gases  has 
led  directly  to  the  discovery  of  a  theory  of  their  constitution,  which  at  least 
expresses  very  satisfactorily  the  known  facts.  We  may  justly  hope  that  this 
will  not  be  the  only  example,  and  that  the  new  theory,  after  showing  the 
necessary  connection  between  phenomena,  will  also  aid  as  to  penetrate  into 
the  inmost  secrets  of  nature. 


XIV. 

The  importance  which  we  must  now  attribute  to  the  new  theory  renders  it 
necessary  as  well  as  desirable  that  I  should  give  a  short  history  of  it,  in  which 
I  shall  endeavor  to  do  justice  to  the  principal  discoverers.  This  is  so  much  the 
more  necessary,  inasmuch  as  I  have  thus  far  given  only  its  ideas  in  logical 
Older,  without  reference  to  the  historical  sequence  of  the  discoveries. 

We  can  distinguish  two  periods  in  this  science.  In  the  first,  which  reaches 
np  to  the  year  1842,  similar  ideas  of  the  mechanical  heat  theory  were  held  by 
different  authors,  but  the  facts  thus  explained  were  soon  regarded  from  differ- 
ent points  of  view,  and  attempts  were  made  to  refer  them  to  general  laws. 
The  real  principle,  however,  was  not  discovered,  and  all  these  attempts  re- 
mained unfruitful  and  without  essential  influence  upon  the  progress  of  science. 
The  work  of  this  period  bore,  nevertheless,  its  fruits  in  due  time,  and,  as  often 
happens  with  great  discoveries,  was  revived  again  about  the  year  1843,  when 
•eTeral  geniuses  expressed  the  new  ideas  with  sharpness  and  clearness.    Shortly 
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after  the  beginning  of  that  period  of  rapid  progress  which  always  attends  the 
discovery  of  a  tme  principle,  a  few  years  sufficed  to  erect  the  shapely  struct- 
are,  which  I  have  endeavored  hastily  to  show  you  over. 

The  first  name  among  the  list  of  those  whom  we  can  call  the  foremnnera 
of  the  mechanical  theory  of  heat,  is  the  famous  one  of  Daniel  Bernoulli.  The 
Hydrodynamics  of  this  great  geometer  and  physicist,  which  for  more  than  a 
century  remained  neglected  and  forgotten,  contains  the  theory  of  the  constitu- 
tion of  gases  to  which  I  have  already  referred.  His  contemporaries  probably 
saw  in  it  only  the  effects  of  the  old  Cartesian  hypothesis,  and  not  until  recent 
times  has  it  been  recognized  that  here  was  the  germ  of  a  new  science. 

In  the  year  1780,  somewhat  more  than  forty  years  after  the  publication  of  the 
Hydrodynamics,  Lavoisier  and  Laplace,  while  speaking,  in  their  treatise  upon 
heat,*  of  the  two  hyx>otheses  which  can  be  formed  of  this  physical  agent,  ex- 
pressed themselves  as  follows :  "  Other  physicists  believe  that  heat  is  only 

the  result  of  imperceptible  vibrations  of  matter In  any  system 

heat  is  the  living  force  of  the  imperceptible  vibrations  of  the  molecules  of  a 
body  ;  it  is  the  sum  of  the  products  of  the  masses  of  each  molecule  into  the 

square  of  the  velocities We  do  not  assume  to  decide  between  the 

two  hypotheses.  Many  phenomena  seem  to  sustain  the  last ;  as,  for  example, 
the  heat  generated  by  the  friction  of  two  bodies ;  but  there  are  others  which 
seem  better  explained  by  the  first.  It  may  be  that  both  hold  good."  But 
after  this  plain  and  clear  definition  we  find  nowhere  in  the  treatise  any  attempt 
to  compare  the  living  forces  of  heat  with  ordinary  living  force,  such  as  the 
rotation  or  motion  of  the  center  of  gravity  of  a  body.  They  never  compare 
heat  with  anything  else  than  itself,  and  it  contributes  accordingly  little  to  the 
value  of  their  remarks  whether  heat  is  regarded  as  an  indestructible  matter 
or  as  a  quantity  of  living  force. 

Indeed  they  go  further,  and  regard  as  proved  a  principle  which  is  in  direct 
contradiction  to  that  of  the  transformation  of  heat  into  work.  "  All  changes  of 
heat,"  they  say,  "  whether  actual  or  only  apparent,  which  any  system  of  bodies 
undergoes  while  changing  its  condition,  are  repeated  in  reyerse  order  when 
the  system  is  brought  back  to  its  original  condition."  If  they  had  added,  prv- 
vided  9uch  change  of  e<mdiHon  is  not  accompanied  by  outer  work,  the  mechanical 
theory  of  heat  would  have  been  founded.  But  without  such  proviso  this  asser- 
tion of  Lavoisier  and  Laplace  is  an  error,  which  is  daily  confuted  by  the  steam 
Of  electro-magnetic  engine. 

It  is  impossible  to  say  how  the  views  of  Lavoisier  upon  this  question  would 
have  changed  had  he  lived  longer.  We  conclude  from  his  treatise  upon 
chemistry,  that  up  to  the  year  1789  he  had  not  completely  giyen  up  the  theory 
that  heat  consists  in  a  motion  of  molecules. 

It  is  indeed  true,  that,  probably  in  deference  to  the  general  opinion,  he 
spoke  of  gases  as  if  they  were  composed  of  a  union  of  certain  bases  with 
caloric.  But  he  continually  made  limitations  of  which  we  find  no  trace  in  the 
writings  of  his  scholars,  and  it  was  not  without  some  hesitation  that  he  placed 
light  and  heat  at  the  head  of  the  list  of  simple  bodies. 

As  to  Laplace,  his  views  underwent  rapid  change.  In  all  which  he  wrote 
during  his  connection  with  Lavoisier  he  appeared  as  the  ardent  advocate  of 

*  MimoirB  ear  la  cbalear.   M6moires  de  l^Acadimie  det  SciflDoes,  1780,  p.  857. 
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tiie  materiality  of  heat.    His  weighty  authority  alone  proeured  belief  for  the 
theory,  which  rested  upon  not  the  slightest  proof. 

Toward  the  end  of  the  last  centary,  abont  the  years  1796  and  1799,  two 
experiments  were  made  which  snfBoed  to  show  the  nntenability  of  the  theory 
espoused  by  the  author  of  the  "M6caniqiie  C61^ste."  These  were  the  famous 
experiments  of  Rumf oid  and  DaTy  upon  heat  generated  by  friction.  Bumford, 
at  the  foondry  at  Munich,  measured  as  exactly  as  he  was  able  the  heat  gener- 
ated in  boring  a  cannon,  and  in  order  to  leave  no  doubt  as  to  its  origin,  he 
determined  the  specific  heat  of  the  bronse  and  of  the  t)orings.  There  appeared 
no  pereeptible  difference  between  the  two,  and  thus  the  only  reasonable  expla- 
nation which  could  be  offered  by  the  material  theory  of  heat  was  negatSyed 
dedsively.  *  ^ 

It  had,  in  fact,  been  assumed  that  in  the  pulyerized  bodies  the  spedflc  heat 
was  much  less  than  in  the  same  bodies  solid,  and  it  followed  indeed  from  this 
assumption  that  the  puWerisation  of  a  body  by  the  friction  muBt  be  accom- 
panied by  heat.  But  it  was  forgotten  tliat,  in  such  case,  friction  itself  must 
create  heat  when  there  is  no  change  in  the  rubbing  surfaces.  The  experiment 
of  Rumford  showed,  moreoyer,  the  incorrectness  of  any  such  assumption. 

The  experiment  of  Davy,  about  a  year  later,  showed,  if  possible,  still  more 
eoncluffiiyely  the  error  of  the  old  theory.  Two  pieces  of  ice,  rubbed  together, 
melted  yery  rapidly,  and  formed  a  liquid  whose  specific  heat  was  more  than 
double  that  of  the  ice.  Dayy  also  used  eyery  precaution  in  order  to  show  that 
the  generation  of  heat  was  not  accompanied  by  any  noticeable  absorption  in 
any  part  of  the  apparatus. 

Among  the  contemporaries  of  Rumford  and  Dayy,  Young  appears  to  haye 
been  the  only  one  to  fully  realise  the  scope  of  these  experiments.  In  his  lee- 
tares  on  natural  philosophy,  published  in  1807,  he  placed  them  among  his 
immortal  discoyeries  as  to  the  nature  of  light,  and  he  all  but  reached  the  true 
principle  of  the  mechanical  heat  theory.  He  was  the  first  to  cast  doubt  upon 
the  prin<dp1e  of  Layoisier  and  Laplace,  to  which  I  haye  alluded.  "  Probably 
not  in  a  single  case,'*  he  says,  in  his  lecture  upon  the  nature  of  heat,  "is  the 
heat  absorbed  exactly  equal  to  the  heat  given  up  in  the  reverse  process."  In 
this  simple  doubt  lies  concealed  the  essential  principle  of  the  mechanical 
theory  of  heat  Young,  indeed,  admitted  the  probability  of  the  equivalence 
of  the  absorbed  and  generated  heat,  but  the  simple  expression  of  doubt  upon 
an  axiom  of  this  character  in  the  year  1807  is  noteworthy.* 

Unfortunately,  this  was  the  period  when  the  law  of  double  refraction  was 
looked  upon  as  an  argument  in  favor  of  the  emission  theory ;  the  same 
period  in  which  the  elegant  treatises  of  Fresnel  remained  forgotten.  Even 
when,  in  the  year  18S4,  the  original  genius  of  Sadi  Gemot,  awakened  by  the 
industrial  revolution  inaugurated  by  the  steam  engine,  sought  to  xmfold  the 
general  laws  of  heat,  he  accepted  without  question  the  materiality,  and  there- 
fore the  indestruetibiiity,  of  heat  as  his  starting-point  f  It  may  perhaps  sur- 
prise you  when  I  add,  that  in  spite  of  this  fundamental  error,  4he  names  of 
Sadi  CUnot  and  of  his  learned  commentator,  Clapeyron,  occupy  distinguished 


•  Lectures  on  Natural  Philosophy,  yol.  1.,  p.  651,  edition  of  1887. 

t  K6molre  snr  la  poissanco  motiloe  de  ia  chalenr.    Jonnal  de  I'fiodle  polTtechnlqne,  vol 
zfr.,  p.  170,  ISM.    PossendoriTs  Annalen,  toI.  60,  p.  44B. 
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places  in  the  Ustoiy  of  the  scienoe.  To  Sadi  Oamot  we  owe  the  methods  of 
discussion  of  which  the  mechanical  theory  of  heat  makes  use.  In  his  writ- 
ings we  find  the  first  examples  of  the  cycle  process— of  that  series  of  changes 
by  which  a  body  passes  in  a  determinate  manner  from  one  condition  to  another, 
and  then  in  another  determinate  manner  returns  to  its  initial  condition. 

dapeyron  has  cleared  ap-  the  obscority  of  Camof  s  treatise,  and  showed 
how  to  treat  analytically  and  represent  geometrically  this  new  and  fraitfal 
method  of  treatment  These  two  have  to  a  certain  extent  created  the  logic 
of  the  science.  As  true  principles  were  discovered,  they  only  needed  to  be  sub- 
jected to  the  forms  of  this  logic,  and  it  is  easily  conceivable  that  without  the 
work  of  Gamot  and  of  Clapeyron  the  advance  of  the  new  theory  would  have 
been  much  lees  rapid.  ^ 

Finally,  we  cloee  this  first  portion  of  our  historical  sketch  by  recalling 
that  Seguin,  in  a  work  published  in  1889,*  of  more  political  than  physical 
interest,  has  given  views,  as  to  the  steam  engine,  closely  related  to  those  by 
which,  in  our  first  lecture,  we  have  sought  to  render  plain  to  you  the  trans- 
formation of  heat  into  work.f 

I  come  now  to  those  labors  by  which,  since  the  year  184d,  the  science  has 
been  built  up.  These  lalMrs  are  more  especially  those  of  three  men,  who 
without  connection  with  one  another,  without  even  knowing  each  other,  at  the 
same  time  and  in  almost  the  same  manner  arrived  at  the  same  results.  The 
priority  in  sequence  of  publication  belongs  undoubtedly  to  the  German  physi- 
cian, Julius  Robert  Mayer,  whose  name  we  have  already  had  frequent  oocasion 
to  mention,  and  it  is  interesting  to  note,  that  it  was  through  observation  of 
facts  occurring  in  his  medical  practice  that  he  was  led  to  recognise  a  necessary 
equivalence  between  heat  and  work.  The  changes  in  the  color  of  arterial  and 
▼enous  blood  turned  his  attention  to  the  theory  of  respiration.^  He  recognised 
at  once  the  breath  as  the  origin  of  the  motive  power  of  animals.  The  com- 
parison of  animals  to  heat  engines  led  him  gradually  to  the  discovery  of  the 
important  principle  with  which  his  name  is  forever  aseociated.'  This,  at  least, 
is  the  account  which  he  himself  has  given  us  in  his  writings  of  the  develop- 
ment of  his  ideas. 

We  find,  moreover,  in  these  writings,  the  first  determination  of  the  mechani- 
cal equivalent  of  heat,  deduced,  in  perfect  accordance  with  principle,  from  the 
properties  of  gas,  but  incorrect  in  value  because  the  true  viJues  of  the  coeffi- 
cient of  expansion  and  the  specific  heat  of  air  were  then  very  imperfectly 
determined.  Slayer's  papers,  "  Die  organische  Bewegung  in  ihrem  Zusam- 
menhange  mlt  dem  Btoffwechsel,"  and  "  Beitrflge  zur  Dynamik  des  Himmds,'* 
which  last  appeared  in  1848,  contained  also  physiological  and  astronomical 
applications  which  show  that  he  clearly  appreciated  the  scope  of  his  dis- 
covery. 

About  the  time  of  the  first  publication  of  Mayer,  a  series  of  articles  by 
Colding,  an  eni^eer  at  Copenhagen,  were  presented  to  the  Boyal  Academy  of 
Bciences  at  Copenhagen,  which  contained  ideas  upon  the  power  of  steam  and 
hot-air  engines  very  similar  to  those  of  Mayer,  as  well  as  an  experimental 
determination  of  the  mechanical  equivalent  of  heat  by  friction,  which  does 

*  ^des  8ur  lloflaenoe  dee  diemlns  de  fer,  p.  180.   Pmis,  1689. 
tSeeNoteSS.  t6eeNote84. 
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DOl  seem  to  lutTe  been  veiy  exact.  This  is  sufficient  gronnd  for  incladiug  his 
name  among  thoee  of  the  founders  of  the  new  theory.  But  It  is  leadilj  oon- 
eeived  that  the  oontribntions  of  this  physicist,  written  in  a  language  but  Uttle 
known,  and  first  printed  several  years  after  their  receipt,  had  but  little  influence 
upon  the  development  of  the  science. 

The  third  discoverer  of  whom  I  have  to  speak,  Joule,  is  perhaps  the  one 
who  has  contributed  the  most  toward  the  proof  of  the  new  principles  and  their 
final  reception.  His  first  work  appeared  in  1848,  and  is  undoubtedly  later  than 
the  first  works  of  ]£ayer  and  Colding.  It  contains  experiments  upon  the  heat 
generated  by  induced  currents,  and  appears  to  have  excited  at  first  but  little 
notice.  His  experiments  in  1845  upon  the  heat  effects  of  expansion  and  con- 
traction of  gases,  were  the  first  to  give  him  the  fame  of  introducing  new  ideas 
Into  sdenoe.  His  experiments  upon  friction  gave  the  first  reliable  determina- 
tion of  the  mechanical  equivalent  of  heat.  His  views  upon  gases  gave  the 
first,  and,  until  now,  only  complete  explanation  of  a  phenomenon  whose  laws 
eoold  be  laid  down  by  theory  without  disclosing  its  mechanism. 

Immediately  after  these  three  names  we  mu.st  place  that  of  Helmholts,  who, 
in  1847,  in  his  article,  "  The  Conservation  of  Force,"  first  united  the  new  ideas 
into  a  complete  structure,  and  drew  from  them  fruitful  and  important  applica- 
tions to  induction  phenomena,  electro-chemistry,  thermo-electric  currents,  etc 

The  development  proper  of  the  mechanical  theory  of  heat  as  a  science,  the 
dear  and  methodical  presentation  of  methods  of  investigation  and  discussion, 
and,  finally,  their  application  to  machines,  is  due  to  four  savans,  whose  names 
are  tbe  last  that  I  shall  mention ;  Clausius,  Macquom  Rankine,  William 
Thompson,  and  Gustav  Zeuner.  Their  most  important  investigations  extend 
from  1849  to  the  present  day. 

Many  other  workers  might  be  mentioned.  I  have  already  had  occasion  to 
notice  several  in  the  course  of  these  lectures  ;  I  will  not  seek  to  extend  the  list, 
but  sball  content  myself  with  the  names  of  thoee  investigators  who  have  laid 
the  fonndatlon  stones  of  the  edifice,  upon  whose  completion  so  many  have  for 
the  last  thirty  yean  labored  with  saeh  signal  Bacceas. 
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OONTENTa 


1  Upon  popetoal  motioiL— S.  Upon  the  origin  of  the  motiye  power  In  the  steam  engine 
the  hypothesis  of  the  mtteriality  of  heat— 8.  Some  experiments  of  Him  which  apparently 
oontndlct  theoiy.— 4.  Upon  a  theorem  of  Coriolis.-^  Upon  the  law  of  expansion  of  gases.— 
&  Upon  the  Inner  work  In  crystals  and  some  liqoids.— 7.  Upon  an  incorrect  determination  of  the 
mechanical  equivalent  of  heat— 8.  Upon  bodies  which  contract  under  the  action  of  heat— 
9l  Calorimetrlc  measurements  In  wiilch  the  outer  woric  has  not  been  considered.- 10.  Theory  of 
the  eonstltntion  of  gsses.- 11.  How  gases  and  vapors  perform  outer  work.— 18.  Upon  the  value 
9t  the  mfchanlcal  equivalent  given  by  carbolic  acid.— 18.  Principle  of  the  experiments  of  Thom- 

and  Joule  upon  the  heat  phenomena  of  moving  gas.— 14.  Upon  the  condensation  which 
ipanles  the  expansion  of  steam.— 15.  Upon  the  regenerator  in  gas  engines.- 10.  Determlna- 
tkm  of  the  economical  coefficient  for  Ericsson's  engine  and  for  the  engine  without  regenerator. 
—17.  Upon  gas  engines  in  which  the  temperature  sinks  to  the  absolute  aero.- 18.  Upon  the 
aocessity  of  the  tendency  of  heat  to  pass  from  a  warmer  to  a  colder  body.— 19.  Upon  the  rfile 
ptayed  by  friction  In  the  electrochemical  investigations  of  Favre.— 80.  The  discovery  of  Induo- 
tlosi  phenomena.— Si.  The  dedaction  of  induction  phenomena  from  theory.— 88.  Upon  the  com- 
plete transformation  of  heat  into  work  by  the  electro-magnetic  engine.— 84.  Determination  of 
Uie  mechanieal  equivalent  of  heat  by  the  electro-magnetic  engine  (Joule).— 84.  Upon  the  nature 
of  tiM  electro-magnetic  and  electro-dynamic  forces.— 85.  Blectrol]rtic  convection.— 88.  Upon  the 
polarization  of  the  electrodea.— 87.  The  decomposition  of  sine  in  dilute  acids.— 88.  Upon  the 
svpileation  of  the  measurement  of  electro-motive  forces  to  thermoH^emical  investigations.— 
ft.  The  inlluenoe  of  the  friction  of  the  blood  upon  animal  heat— 80.  Upon  vegetation  which 
takes  place  In  the  absence  of  light— 81.  The  absorption  spectrum  of  chlorophyl  and  the  influence 
of  the  color  of  light  nptm  the  growth  of  plants.— 88.  Remarks  of  Mayer  upon  the  ebb  and  flow 
of  the  tides.— 8&  Upon  a  demonstration  of  Seguin  relating  to  the  steam  engine.— 84.  The  depend- 
of  the  color  of  venous  blood  upon  the  temperature. 

AddldoB.— The  entropy  of  the  world  tends  towards  a  mailauuii. 


NOTE  1.— (Pag®  5.) 

THE  PBOBLBM  09  PEBPETUAL  HOTIOK. 

Is  •ooordanoe  with  nsnal  eoBtom,  I  bave  shown  the  ImposribUitj  of  per- 
petual motion  to  be  a  consequence  of  the  fundamental  principles  of  meehanics, 
as  weU  as  of  the  manner  in  which  the  forces  of  nature  act. 

We  may,  however,  also  recognize  In  this  an  independent  and  apparently  self- 
existent  principle,  which,  at  bottom,  expresses  notning  else  than  the  necessity 
of  a  definite  relation  between  caxise  and  effect. 

Considered  thus,  the  principle  of  the  impossibility  of  perpetual  motion  may 
be  used  to  prove  that  all  natural  forces  must  act  in  the  line  joining  any  two 
mutually  interacting  material  points,  and  that  these  mutual  actions  are  func- 
tions of  the  distances  apart^ 

This  is  the  method  adopted  by  Helmholtz  in  his  famous  Treatise  "  Die 
Bihaltung  Kraft "  (Berlin,  ld47>— a  method  which  may  seem  to  many  the  best. 
Helmholtz  says : 

"  Let  us  consider,  first,  a  material  point  of  the  mass  m,  which  moves  under 
the  influence  of  the  forces  of  any  number  of  bodies  compoeinff  a  fixed  system 
A,  then  we  can  determine  for  evei^  moment  the  position  ana  velocity  of  this 
pdnt.  Let  the  time  t  be  the  primitive  variable,  and,  dependent  upon  it,  let  the 
oidinates  of  m,  with  reference  to  a  co-ordinate  system  fixed  with  respect  to  the 

2 stem  A,hex,  jf,  and  t,  the  tangential  velocity  be  q,  the  three  components  of 
esame 

dw  dp  dg 

and  finally  the  components  of  the  acting  forces 

•^        dx  V        4iy  iw        ^ 

-^=*»S'        ^=^di'        ^^^dt 

Out  principle  requires  that  im^,  and  hence  $*,  shall  be  always  the  stme 
when  m  nas  tne  same  position  with  respect  to  A,  and  therefore  not  only  a 
function  of  i,  but  also  a  function  of  the  co-ordinates  «,  y,  s,  alone,  that  is, 

.(/)  =  l,^*..*f  .,-H*^*. a) 

flKnee  }•  =  «•  -h  «« -«-  w* 

d{f)  =  2iudu  +  dmfo  +  StMlw. 

Jim  IT/i^ 

If  here,  instead  of  ti,  we  put  -^^  instead  of  du^ — ,  and  also  for  «  and  w 
*  *        ^     dt  m 

simflar  values,  we  have 

<J(^  =  ?tto  +  ^<iy  +  ^& (3) 

ance  equations  (1)  and  (2)  must  be  simultaneous  for  every  dm,  diy,  d§,  we 
have 

«Xg5_2X  t(f)^^Jl  ^(f)^^Z 

6m         m*  6y        m '  6t        m' 

U,  however,  g*  is  a  function  of  x,  y,  e,  it  follows  that  X,  F,  Z,  thai  is,  the 
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direction  and  intensity  of  the  acting  force  must  be  also  onlj  functions  of  the 
position  of  m  with  respect  to  A. 

If  we  conceive  instead  of  the  system  A,  a  single  material  point  a,  it  follows 
from  the  above  that  the  direction  and  intensity  of  the  force  which  a  exerts 
upon  m  is  determined  only  b^  the  relative  position  of  m  with  respect  to  a. 
Since  now  the  position  of  m  is  determined  by  the  distance  between  m  and  a, 
in  this  case  the  direction  and  intensity  of  the  force  functions  must  be  this  dis- 
tance a.  If  we  conceive  the  co-ordinates  referred  to  any  system  whose  origin 
is  at  a,  we  must  have 

md(gy  =  2Xdx-{'2Tdy'\-ZZdg  =  0 (8) 

d{f)  —  2xdx  +  2ifdp  +  2edz  =  0 

-  _      xdx  +  y<^ 

~~  s 

.    This  value,  in  (8)  gives 


(x-~z\<te+(r-.|^^W=o, 


hence  X=r— Z    and     T=z^Z, 

9  S 

that  is,  the  resultants  must  be  directed  towards  the  oriffln. 

Hence  in  a  system  which  is  subject  generally  to  the  law  of  the  conservation 
of  living  force,  the  simple  forces  of  the  material  points  must  be  central  forces. 


NOTE  ,2.— (Page  14.) 

THE  ORIGIN  OF  THE  MOTIYE  POWER  IK  THE  STEAM  ENGIKB  UPON 
THE  HYPOTHESIS  OP  THE  MATERIALITY  OF  HEAT. 

Sadi  Camot,  assuming  the  material  it  v  of  heat,  has  given  an  explanation  of 
ihe  phenomena  in  the  steam  engine,  which,  although  it  does  not  agree  with 
reality,  is  not  so  evidently  erroneous  as  the  hypotheses  which  have  been 
framed  in  order,  by  the  same  hypothesis,  to  account  for  the  heat  generated  by 
friction. 

According  to  him,  the  imponderable  fluid  whose  presence  in  bodies  gives 
rise  to  those  various  effects  wnich  are  called  "  heat,'*  has  an  inherent  tendency 
to  pass  from  a  hot  body  to  a  colder  one,  just  as  heavy  bodies  tend  to  fall  from 
a  high  place  to  a  lower ;  or  rather,  there  is  a  similar  tendency  due  to  the  action 
of  the  heat  molecules  on  each  other  and  the  actions  upon  them  of  the  ponder- 
able molecules.  Thus,  the  forces  which  act  upon  the  heat  molecules,  furnish 
positive  work  whenever  there  is  a  transfer  of  heat  from  a  hot  body  to  a  cold 
one,  which  cannot  indeed  be  a  priori  determined,  but  which  is,  however,  com* 
parable  to  the  work  of  gravity  in  a  waterfall. 

This  is  the  true  motive  work  in  the  eneine.  The  heat  from  the  boiler  to 
the  condenser  experiences  a  kind  of  fall  (this  is  Garnot's  expression^  and  the 
work  furnished  by  the  engine  is  the  equivalent  of  this  mechanical  process^ 
just  as  the  work  of  a  water-wheel  is  the  equivalent  of  the  fall  of  the  stream. 

These  views  have  in  them  nothing  at  variance  with  common  sense,  or  which 
contradicts  the  general  view  of  the  phenomena  ;  but  it  is  evident  that  the  as- 
sumption of  the  materiality  of  heat  involves  that  of  its  indestructibility,  and 
hence,  in  the  case  of  the  steam  engine,  gives  rise  to  the  following  dilemma, 
the  solution  of  which  must  be  demanded  from  experience— either  heat  is  some- 
thing materia],  and  then  the  steam  must  transfer  as  much  heat  to  the  con- 
denser as  it  takes  from  the  boiler-'or  heat  is  a  motion  of  some  kind,  and  then 
a  part  of  the  heat  during  the  action  of  the  engine  must  disappear,  and  thus 
^ve  rise  to  outer  work. 

We  have  seen  what  answer  experience  has  given. 
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NOTE  3.— (Page  14.) 

SOXB    BXPEBIMEirrS    BY    HIBN    WHICH    APPABEiniiY    OONTBADIOT 

THEOBY. 

The  InTestigatioiis  of  Hlrn  were  undertaken  in  consequence  of  a  prize  offered 
by  the  Physical  Society  of  Berlin  for  a  numericiJ  determination  of  the  true 
Talae  of  the  mechanical  equivalent  of  heat.  In  the  report  of  Clausius  to  the 
BoeietT,  he  calls  attention  to  the  error  of  Hirn's  views  upon  the  steam  engine, 
and  glT«8  a  correct  explanation  of  the  experiments. 

mrtf  did  not  anee  with  the  views  of  Gausins,  and,  although  when  his 
tnatiae- was  poblisned,  he  gave  the  report  of  the  learned  physicist  in  full,  he 
Muffht  to  defend  the  correctness  of  his  first  calculations,  and  endeavored  to 

Iosnfy  them  by  two  different  methods  of  experiment— viz.,  by  measuring  the 
leat  used  by  a  steam  engine  without  expansion,  and  by  investigating  the  heat 
phenomena  which  accompany  the  efflux  of  a  gas  under  high  pressure  into  a 
▼acQum. 

It  may  not,  perhaps,  be  without  profit  to  show  what  the  value  of  these  new 
arguments  amounts  to. 

In  the  foUowinff,  we  give  the  words  in  which  Clausius  refers  to  the  ineor- 
lectuces  of  Hirn's  mws  : 

"  It  can  be  easily  shown  how  this  error  of  Him  arises.*  He  says,  in  justi- 
fication of  his  assumption,  '  when  steam  condenses  under  the  same  pressure  at 
which  it  was  generated,  it  gives  up  during  condensation  as  much  heat  as  must 
have  been  imparted  in  its  generation.'  This  principle  is  indeed  correct,  but  it 
has  no  application  to  the  steam  engine. 

"  When,  in  an  engine  working  without  expansion,  the  steam  has  entirely 
filled  the  cylinder  back  of  the  piston,  and  then  the  communication  with  the 
condenser  is  opened,  only  at  first  does  the  steam  flow  under  full  pressure  into 
the  condenser,  and  then  the  pressure  gradually  decreases  as  the  steam  still  in 
the  cylinder  expands.  By  this  expansion  the  steam  still  in  the  cylinder  is  con- 
siderably cooled,  and,  if  not  superneated  or  heated  from  without,  will  be  partly 
condensed,  even  while  still  in  the  cylinder.  In  order  to  complv  with  the  con- 
ditions implied  in  the  above  prindple,  the  piston,  during  the  efflux,  should  re- 
turn vrith  just  such  velocity  as  to  keep  the  steam  still  in  the  cylinder  always 
at  full  pressure.  But  then  the  back  pressure  would  have  to  be  as  great  as  the 
diivinff  pressure  was,  and  no  work  could  be  obtained.  If  the  author  had 
exten<M  his  experiments  to  engines  without  expansion,  he  would  undoubt- 
edly have  found  for  these  also  tnat  the  amount  of  heat  given  up  is  less  than 
that  leeeiTed." 

These  last  words,  without  doubt,  led  Him  to  make  an  experimental  in- 
vestlgatkm  of  a  steam  engine  without  expansion.! 

He  does  not  appear,  however,  in  this  new  investigation  to  have  succeeded 
in  overcoming  all  its  difficulties,  as  he  himself  says,  **  the  physicist  may  meet 
In  experimental  science  with  insurmountable  obstacles." 

He  says,  indeed,  that  he  has  established  that,  in  an  engine  without  expan- 
rioo,  the  heat  expenditure  is  either  sero  or  can  be  neglected,  but  together  with 
the  experiments  which  give  this  strange  result,  he  gives  the  data  of  another 
ftook  which  even  still  stranger  conclusions  may  be  drawn. 

In  an  engine  in  which  expansion  occurred  only  through  the  fifth  part  of  the 
stroke,  not  only  was  work  performed,  but  also  heat  generated. 

That  the  new  methods  of  experiment  which  lead  to  such  conclusions  are 
to  be  prefened  to  those  used  by  Him  in  his  first  experiments,  is  more  than 
dmibtfuL 

•  Fdrttebrttte  der  Fhyflfk,  18BS,  Bd.  xi.  p.  91. 

t  Becherelies  nir  l^teaivalent  m^caniqae  de  la  chalear,  par  Gustave  Adolpbe  Hirn,  Paris, 
]ff6,p.l7tL 
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The  clear  and  decisiTe  criticism  of  Claaslus  holds  in  fall  force. 

Him  opposes  to  Claasius  also  the  followiDK  experiment :  Into  a  receiver  of 
black  lead,  surronnded  by  cold  water,  he  allowed  a  Jet  of  steam  under  high 
pressure  to  enter,  the  temperature  of  which  was  measured  bj  a  thermometer 
Just  before  the  steam  reached  the  orifice. 

He  then  collected  the  water  condensed  in  a  given  time,  and  from  the  rise  of 
temperature  of  the  calorimeter,  applying  the  necessary  corrections,  found  the 
heat  given  up  during  condensation. 

In  this  way  a  greater  number  was  always  found  than  that  given  by  the  ex- 
pression 

p  [«06.5  -+-  0.30«  +  0.4805  [T-i)-  r], 

which  gives  the  heat  contained  in  the  steam  at  the  moment  at  which  it  arrives 
at  the  orifice— where  p  is  the  weight  of  the  steam,  T  its  actual  temperature,  t 
the  temperature  at  which,  under  the  actual  pressure,  it  would  be  saturated, 
and  r  the  temperature  of  the  condensed  water,  assuming,  according  to  Beg- 
nault's  experiments,  that  0.4805  is  the  specific  heat  of  the  steam. 

Similar  experiments,  in  which  he  used  the  condenser  of  a  steam  engine  as  a 
calorimeter,  gave  the  same  result. 

Him  concluded  that  saturated  or  superheated  steam  which  condenses  in  a 
cooling  vessel  in  which  the  pressure  is  less  than  the  initial  pressure  of  the 
steam  generates  heat. 

The  fact  is  remarkable  and  interesting,  but  easily  to  be  accounted  for. 

The  steam  which  leaves  the  orifice  of  efiiux  has  a  very  neat  velocity,  the 
liquid  which  results  from  the  condensation  is  at  rest  In  the  transformation 
from  the  gaseous  to  the  liquid  condition,  then,  a  large  amount  of  living  force 
disappears,  and  there  is,  therefore,  according  io  the  new  principles,  a  genera- 
tion of  heat. 

It  is,  indeed,  true  that  the  outer  work  performed  on  the  steam  during  its 
condensation  is  less  than  that  which  it  performed  during  its  generation,  and 
this  diminishes  the  heat  fl;enerated  during  condensation,  but  there  is  no  exact 
compensation.  If,  therefore,  the  steam  which  enters  the  calorimetric  appara- 
tus is  saturated  steam  of  five  atmospheres,  we  must  impart  to  each  unit  of 
weight  of  water  of  the  temperature  r,  in  order  to  generate  it,  661— r  heat  units. 

A  part,  q\  of  this  heat  soes  to  increase  the  living  force  of  the  molecules.  A 
second  part,  g ',  corresponds  to  the  change  of  aggregation  or  disgregation  work. 
A  third  part,  ^",  is  the  equivalent  of  the  outer  work. 

The  last  part,  ^'",  can  be  taken  equal  to  nearly  44  heat  units,  if  we  take  for 
the  absolute  densitv  of  saturated  steam  of  one  atmosphere  the  value  7^,  theo- 
retically determined  by  Clauslus,*  and  if  we  neglect  the  very  small  difference 
between  the  volume  of  water  at  r  degrees  and  at  zero. 

On  the  other  hand,  the  recent  labors  of  Minaiy  and  Besalf  enable  us  to  de- 
termine the  weight  of  steam  which  will  flow  in  five  minutes  from  a  boiler  under 
fiye  atmospheres'  pressure,  through  an  orifice  of  0.007  meter  diameter,  when 
this  orifice  is  at  the  end  of  a  pipe  of  0.16  meter  diameter.  This  steam  weight 
is  10.6  kilograms. 

Hence  we  can  easily  find,  with  the  preceding  value  for  the  density,  and 
taking  for  the  coefficient  of  contraction  0.44  (a  value  given  by  the  experimenter) 
that  the  velocity  of  efflux  is  about  600  meters  per  second,  and  hence  that  eveiy 
kilogram  of  steam  which  issued  in  Him's  experiment  carried  with  it  a  living 
force  of  about  180,000  meter-kilograms,  equivalent  to  about  400  heat  units. 
We  see,  therefore,  that  even  without  outer  work  there  is  more  than  compensa- 
tion, and  that  the  disappearance  of  the  living  force  is  more  than  sufficient  to 
explain  the  phenomena  observed  by  EUm.  Even  a  considerable  error  in  the 
coefficient  of  contraction  would  not  affect  the  conclusion. 

It  is  worth  remarking  that  the  living  force  which  the  steam  possesses  when 
it  leaves  the  orifice,  is  itself  a  transformation  of  the  heat  which  the  boiler  pos- 

*  The  theoretical  ralnes  of  Clanslns  (Ahhandlniigeo,  Bd.  i.,  p.  78)  ore  conflnned  by  the  ex-  . 
perimencs  of  Fttlrbalm  and  Tate.    (Proc.  of  the  Bojral  90c,  18H),  in  Phil.  Mag.,  4  ser.  voL  zzL, 
p.  mo,  and  Comptes  Rendna.  vol.  Hi.,  p.  706.) 

t  Annalet  dea  minaa,  vol.  xviiL,  p.  068. 
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■cased,  and  that  hence  the  steam,  at  the  moment  it  leaves  the  orifice,  can  no 
kmger  be  tn  the  same  condition  it  had  when  in  the  boiler  at  a  distance  from 
the  orifice. 


NOTE  4.— (Page  16.) 

trPOK  ▲  THEOBEM  BY  COBIOLIS. 

The  following  theorem,  given  b^  Gorlolis  in  his  classic  work  upon  the  etl^ 
cnlation  of  the  delivery  of  engines,*  is,  in  a  certidn  sense,  an  illustration  of  the 
general  law  which  we  have  sought  to  enunciate : 

*'  The  ram  of  the  UyIii^  forces  of  a  syBtem  of  molecules,  whatever  may  be  the  kind  of  motion, 
■H^  be  divid<*d  Into  thiec  parts : 

**  1.  The  living  force  of  ail  the  molecules  when  concentrated  at  the  center  of  gravity  of  the 
ijstem. 

**  S.  The  snm  of  the  living  forces  of  these  molecnles,  when  we  assnme  that  they  constitute,  in 
the  same  relative  positions  In  which  they  occur,  a  body  of  iu variable  form  to  which  is  imparted 
the  mean  motion  about  tbe  center  of  gravity. 

'^3.  The  sum  of  the  living  forces  of  the  molecules,  by  reason  of  the  relative  velocities  which 
thsy  possess  with  reference  to  coH>rdinate  planes  which  pai-takc  of  the  mean  motion  of  rotation/* 

In  the  equation  of  works  we  have  usually  to  take  account  only  of  the  two 
first  portions,  that  is,  the  living  forces  due  to  the  rectilinear  and  rotary  motion 
of  the  body.  The  third  portion  is  usually  submitted  to  calculation  only  when 
the  vibraiiona  are  senaible  or  apparent,  as  in  tbe  case  of  sound  vibrations. 

The  fundamental  idea  of  the  new  theory  is  to  seek  this  third  part  in  the 
heat 

It  is,  moreover,  evident  that  the  action  of  mechanical  forces  in  most  cases 
will  give  rise  to  all  three  kinds  of  living  forces,  and  that  we  have  just  as  little 
reison  to  neglect  the  changes  of  the  flving  force  of  heat  as  of  the  outwardly 
visible  living  forces.  We  may  even  add  that  the  transformation  of  the  out- 
wardly visiMe  living  forces  into  the  living  force  of  heat  takes  place  incessantly 
in  nature  before  our  eyes,  and  that  it  is  chiefly  in  this  way  that  the  vibrations 
of  a  system  about  a  stable  position  of  equilibrium  are  extinguished. 


NOTE  6.-(Page  17.) 

IHE  LAW  OF  EXPAKSION  OF  QASEEU 

The  law  of  expansion  of  gases  was  held  by  all  physicists,  down  to  Magnus 
ind  B^nault,  as  exact.    It  is  generally  known  as  the  law  of  Ghiy-Lussac. 

It  is,  in  my  opinion,  more  correct  to  call  it  the  law  of  Charles.  Tbe  essen- 
tial part  of  this  law,  viz.,  the  approximate  agreement  of  the  expansion*  of 
different  gases,  and  hence  the  proportionality  of  all  these  expansions  to  Hi» 
temperature,  as  determined  by  a  thermometer,  which  is  itself  formed  by  agas^ 
wasproved  by  Charles  in  the  simplest  manner. 

rte  reservoir  of  a  kind  of  mercury  barometer  was  filled  with  gss.  The 
apparatus  was  expMosed  successively  to  the  action  of  two  different  temperature^^- 
(the  oidlnaiy  temperature  of  exterior  objects  and  that  of  b<^ng  waterX  and 
the  rise  of  the  mercury  in  the  barometer  tube  observed.  Charles  found  that 
this  rise  for  air,  oxygen,  nitrogen,  hydrogen,  and  carbonic'  add  gas  was  thj 
same,  and  no  more  was  needed  to  establish  the  fact  thair  the  coefficient  of 
expansion  of  these  different  gases  is  nearly  tbe  same,  even  if,  in  this  manner,, 
the  exact  value  of  the  common  coefficient  could  not  be  determined. f 

•  Coriolls,  Traits  de  la  mtouiiqae  des  corps  solldes  et  dn  calcnl  de  I'effet  des  machines,  8dP 
^   n  as 

VTbtt  experlmenu  of  Charles  are  mentioned  by  Gay-Lnasae  himaelt  in  \i^  article  upon  that 
I  ^pmi^  Ann.  de  Chim.,  vol.  zliii.,  p.  ifir. 
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Qaj-Loflsac  lias  added  to  this  simply  a  determination  of  tbe  ooeffleient  of 
expansion,  wldch  was  inexact  by  abont  ynth. 

We  may  eyen  say  that  the  adyance  of  science  was  in  some  degree  retarded, 
in  that  he  regardea  as  an  absolate  law  that  which  was  on]  j  an  approximate 
exprei»ion. 

According  to  Charles,  the  compound  gases  do  not  expand  as  much  as  those 
lust  named.  It  is  not  known  exactly  to  what  gases  Charles  thus  refers,  but  it 
Is  probable  to  the  same  as  thoee  experimented  upon  by  Gay-Lussac,  yis., 
sulphurous  acid  and  hydrochloric  acid  gas,  for  whidi  he  gaye  the  same  coeffi- 
cient as  for  air. 

We  know  now  that  the  coefficient  of  expansion  for  sulphurous  acid  is  ^th 
mater  than  for  air.  In  this  important  point,  then,  Charles  was  more  accurate 
than  Qay-Lossac,  and  howeyer  imperfect  his  method  of  experimenting  may  be 
considered,  it  is  not  open  to  the  charse  of  not  being  able  to  distinguish  dif- 
ferences in  the  quantity  to  be  measured  of  iSrth. 


NOTE  6.— (Page  18.) 

THE  DISaBEQATIOXr  WOBK  IK  CBY8XAL8  AKD  SOKE  LIQUIDB. 

In  liquids  and  non-crystalline  solids  it  is  possible  that  for  a  simple  rise  of 
temperature  only,  when  tnere  is  no  change  of  yolume,  there  is  no  disgregation 
work. 

It  is,  without  doubt,  essentially  different  for  crystalline  solids,  at  least  for 
those  belonging  to  the  tesseral  system  The  unequal  expansion  in  different 
directions,  caused  in  these  bodies  by  the  action  of  heat,  does  not  allow  the 
assumption  that,  when  the  expansion  is  preyented  by  a  sufficient  increase  of 
pressure,  there  is  no  change  in  the  arrangement  of  the  molecules. 

If,  for  example,  a  crystal  of  kalkspar  is  heated,  and  at  the  same  time  com- 
pressed in  such  manner  that  its  yolume  remains  constant,  the  crystal  tends  to 
elongate  in  the  direction  of  its  principal  axis,  and  to  contract  in  a  direction 
perpendicular  to  this.  It  is  certain  that  eyen  if  there  is  no  change  of  yolume 
there  is  a  change  of  shape,  and  hence  disgregation  woric  Eyen  if,  by  &  suit- 
able  distribution  of  pressure  and  tension  upon  the  surface,  not  only  cnange  of 
yolume  but  also  of  snaps  is  preyented,  still  there  may  be  a  change  in  the  rela- 
tiye  direction  of  the  molecules,  if  not  in  the  relatiye  position  of  the  center  of 
graylty. 

This,  at  least,  seems  extremely  probable  from  the  change  of  optical  proper- 
ties in  different  directions,  caused  by  the  action  of  heat  upon  the  crystal,  and 
which  does  not  seem  accounted  for  by  simple  inequality  of  expansions. 

It  is  to  l>e  expected  that,  eyen  in  a  liquid,  eyery  change  of  temperature 
must  be  accompanied  by  a  perceptible  disgregation  work,  eyen  when  the  yolume 
does  not  change,  when  the  liquid  is  near  the  point  of  solidification,  and  when, 
therefore,  the  lawless  arrangement  of  molecules,  characteristic  of  the  liquid 
condition,  tends  toward  a  regular  arrangement,  if  not  of  the  entire  mass,  at 
least  of  its  different  parts. 

We  see,  thus,  how  careful  we  must  be  before  we  assume  that  the  disgrega- 
tion work,  under  fflyen  conditions,  is  zero.  The  inyariability  of  the  mean 
distances  of  the  molecules  is  by  no  means  a  guaranty  of  this. 

Thus,  for  example,  water  cooled  below  the  temperature  corresponding  to 
its  maximum  density,  has,  for  the  same  pressure,  the  same  yolume  at  two 
different  temperatures  four  degrees  apart.  The  outer  work  between  these  two 
conditions  is  zero,  but  nothing  justifies  us  in  assuming  the  disgregation  work 
as  aero  also.  We  can  scarcely  comprehend  the  anomaly  of  maximum  density 
otherwise  than  bv  assuming  that  the  relatiye  direction  of  the  molecules  ap- 
proaches law  and  definite  arrangement  tbe  more  the  freezing-point  is  approached, 
and  that,  when  for  two  different  temperatures  the  yolume  is  the  same,  but  Uie 
arrangement  of  molecules  different,  tne  transition  from  the  one  temperature  to 
the  other  is  acoompanied  by  perceptible  disgregation  work. 
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NOTE  ?•— (Page  18.) 

AS  IKCOBBBCT  BETESMIKAXIOK  OF  THE  HECHA29ICAL  XQUIYALEITr 

OF  HEAT. 

To  seTeral  physicists,  among  them  Kupffer  and  Masson,  the  following  con* 
nderations  have  appeared  permissible,  and  the  Talnes  thus  obtained  for  tiia 
mechanical  equiyalent  do  not  appear  to  deviate  much  from  the  true  valae. 

Let  P  be  a  tension,  wliich,  when  applied  uniformly  to  the  surface  of  the 
unit  of  volume  of  a  body,  will  cause  an  expansion,  J,  equal  to  that  caused  by 
a  rise  of  temperature  of  1  desree. 

The  work  of  this  force  wmch  must  be  applied  in  order  to  cause  the  exten- 
rion  required  is  PJ. 

On  the  other  hand,  we  must  impart  to  the  body,  In  order  to  make  it  expand 
throuffh  the  same  distance,  a  quantity  of  heat  equal  to  the  product  of  the 
specific  heat  for  constant  pressure,  Cpy  into  the  weight  of  the  unit  of  volume, 
that  is,  the  density  2>. 

If  the  work  PJ  were  the  mechanical  equivalent  of  this  amount  of  heat, 
wo  should  have  the  relation 

Pjd  =  Jc^, 

which,  according  to  Eupffer,  is  confirmed  by  experiment.* 

But  little  attention  is  required  to  comprehend  in  what  respect  this  method 
of  treatment  is  defective.  The  heat,  e^Dt  consists  of  three  parts :  1,  The 
Increase  in  the  sum  of  the  living  forces ;  2,  the  mechanical  equivalent  of  the 
diBffregation  work  ;  3,  the  equivalent  of  the  outer  work. 

This  third  part  would  be  zero  if  the  expansion  took  place  in  a  vacuum. 
TTnder  ordinary  conditions  it  takes  place  under  atmospheric  nressure,  and  hence 
tills  third  part  can  be  neglected  as  very  small  compared  to  tne  second. 

It  is  essentially  different  with  the  first  part.  Tnls  we  cannot  neglect  with- 
out implicitly  assuming  that  the  specific  heat  for  constant  volume  is  insig- 
nificant in  comparison  to  that  for  constant  pressure.  We  cannot,  therefore, 
legmrd  the  disgregation  work  as  the  mechanical  equivalent  of  the  entire  quan^ 
ti^  e^.    It  is,  moreover,  very  doubtful  whether  the  expression  P/l  is  the 

Ease  value  of  the  disgregation  work,  forPJ  is  the  work  of  the  forces  which,, 
their  mechanical  action,  cause  an  expansion  of  J,  under  the  assumption 
iks  temperature  of  the  body  remains  eonetant.  If,  also,  there  is  nowhere  a 
development  of  perceptible  velocitv,  It  is  only  under  similar  circumstances  the 
eqalvalent  of  the  diwregation  work.  Nothing  Justifies  us  in  putting  this  work 
agual  to  that  in  the  body,  when,  by  the  action  of  heat,  it  expands  under  change 
of  temperature.  These  two  works  are,  indeed,  of  the  same  character,  and 
change  In  the  same  way,  when  we  pass  from  one  body  to  another,  but  it  is  at 
letst  doubtful  that  they  are  identical. 

All  that  we  can  say  generally,  is,  that  the  resistance  to  tension  is  a  certain 
indication  of  the  intensity  of  the  molecular  forces,  and  that  a  considerable 
part  of  the  heat  which  is  imparted  to  a  body  is  employed  in  overcoming  these 
foms.  The  specific  heat  and  the  resistance  to  tension,  or  the  coefficient  of 
elasticity  which  measures  it,  change  in  the  same  way,  for  bodies  of  the  same 
kind,  as  metals. 

The  same  rather  superficial  law  may  be  extended  also  to  the  latent  heat  of 
Ilqaef action,  and  thus  it  happens  that  Person  has  been  led  to  find  a  numerical 

•  ThU  fs  aboot  the  way  is  which  MaMon  slves  the  -view  of  Knpffer  In  hit  Treatiie  "XJeber 
die  Bcslehong  der  physlkaltschen  Blgenschaften  der  KOrper  '*  (Ann.  de  Chlm.  et  de  Phye.. 
8  serle,  vol.  Tiil.,  p.  »6).  It  is  probable  that  this  interpretation  of  the  idea  of  the  learned 
DiRctor  of  the  Physical  Observatory  at  8t.  Petersburg  is  correct,  bat  we  cannot  answer  for  it,  a8« 
Ib  the  orl^nal  text,  instead  of  the  slurp  and  clear  expression  "  work,"  we  find  always  the* 
wofda  **  mechanfcai  effect,'*  which  have  no  definite  signification  in  the  nsnal  vocabnlary  of 
anthemattcs.  (Bulletin  de  la  classe  des  sciences  physiques  et  math^matiqaes  de  l^Acad^mfe  dae 
at  Fetanboorg,  vol.  x.,  and  Pogg.  Annalen,  vol.  fnccvi.,  p.  810.) 
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relation  between  the  eoefficient  of  elastidt^  and  the  liquefaction  heat  of  yarions 
metals,  which  may  be  regarded  as  approximately  indicated  by  experiment  It 
is,  howoTer,  impossible  to  deduce  any  such  reUtion  in  strict  accordance  with 
theory. 

It  is  probable  that  the  formula  of  Kupffer  has  about  the  same  value  as  that 
of  Person,  and  that  it  is  the  approximate  expression  of  a  relation  which  theory 
is  incapable  of  deducing. 

"We  have  indeed  not  proyed  that  this  formula  is  false,  but  simply  that  it 
cannot  be  deduced  from  any  d  priori  considerations.  If  we  condder  the  gen- 
eral fact  in  the  special  sense  that  the  coefficient  of  elasticity  and  the  specific 
heat  changed  together,  it  is  just  as  allowable,  and  al)out  as  viiluable,  to  seek 
this  relation  by  experiment,  as  to  find  any  other  relations  by  comparison  with 
other  cases. 

Certainly,  such  a  comparison  can  have  no  such  legitimate  value  as  Kupffer 
attributes  to  it  In  order  to  give  the  weight  P  as  a  function  of  the  coefficient 
of  elasticity,  Kupffer  uses  an  old  formula  of  Poisson,  which  every  one  now  rec- 
ognises as  inexact,  and  indeed,  most  probably,  not  similarly  inexact  for  all 
bodies.  Hence,  a  factor  which  Kupffer  regards  in  his  calculations  as  constant^ 
varies  for  different  metals,  and  since  this  change  is  not  vet  known  for  the 
metals  Kupffer  has  considered,  it  is  not  possible  to  introduce  the  necessary 
corrections  and  subject  the  empirical  value  of  his  formula  to  rigid  test 


NOTE  8.— (Page  20.) 

BODIES  WHICH  CONTRACT  WHEK  HEATED. 

It  is  almost  unnecessary  to  remark,  that  in  such  exceptional  cases  as  the 
melting  of  ice  and  change  of  volume  of  water  below  4**,  in  which  there  is  a 
diminution  of  volume  under  the  action  of  heat,  the  discussion  is  reversed. 
We  consider  a  period  during  which  the  body  exnands  while  cooling,  and  hence 
performs  outer  work  L  whue  giving  up  heat  Q.  During  another  period,  let 
the  body,  by  the  application  of  outer  work  L\  and  while  receiving  heat  Q',  be 
brought  back  to  its  oriffinal  condition.  If  L'  is  less  than  L,  we  obtain  an 
outer  work  L—L\  for  which  there  must  be  an  equivalent  absorption  of  heat ; 
Q'  must  be  greater  than  Q,  and  we  have 

The  case  of  bodies  which,  within  certain  limits  of  temperature,  contract 
under  the  action  of  heat,  is  well  suited  to  direct  attention  to  tbe  views  given 
in  the  preceding  note.  If  we  limit  the  comparison  of  the  outer  work  with  that 
heat  which,  in  the  one  and  the  same  transformation,  is  imparted  or  abstracted 
from  the  body  in  order  to  change  it  from  one  condition  to  another,  we  are  led 
to  the  peculiar  conclusion  chat  the  generation  of  heat,  as  well  as  its  disappear- 
ance, can  give  rise  to  work. 

Nothing  is  more  suited  to  make  apparent  how  necessary  it  is  to  take  into 
account  the  work  of  the  molecular  forces.  If.  by  some  local  disturbance,  by 
contact  with  a  piece  of  ice,  or  even  by  a  particle  of  dust,  we  cause  a  mass  of 
water  at  zero  to  crystallize,  the  molecular  forces  thus  called  into  play  by  this 
accidental  disturbance  of  eonilibrium  place  the  molecules  in  those  positions 
which  constitute  a  solid  body,  and  the  positive  work  during  this  process  of 
change  has  for  its  equivalent  both  the  heat  ffenerated  and  the  outer  work  per- 
formed by  exnansion.  If,  inversely,  we  melt  the  ice,  the  heat  imparted  must 
be  the  equivalent  of  the  excess  of  the  disgregation  work  over  the  outer.  In 
ordinary  cases,  on  the  other  hand,  the  heat  imparted  during  melting  and  with- 
drawn during  solidification  Is  tbe  equivalent  of  the  sum,  and  not  or  the  differ- 
ence of  the  disgregation  work  and  outer  work. 

If  a  strip  of  vulcanised  rublier  is  elongated  by  tension,  we  have  a  rise  of 
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tempenttore,  wlifle  the  tempenttore  of  a  metal  wire,  under  tbe  same  eircnin- 
stances,  is  lowered.  Tbis  is  dae  to  the  fact  that  heat  ei|>and8  the  metal,  bnt 
eontraets  the  mbber.    This  is  a  point  which  Joule  has  oompletelj  cleared  np.* 


NOTE  9.— (Page  20.) 

UPOK  CALOSniETBIC  lCEASnREHE2n:S  IK  WHICH  NO  ACOOUlirr  HAS 

B£E:£f  TAKEN  OF  THE  OUTEB  WOBK. 

The  necessity  of  talcing  account,  in  all  phenomena  depending  upon  the 
action  of  heat,  of  the  outer  work,  would  seem  to  justify  the  fear  that  a  large 
part  of  our  calorimetric  measurements  are  liable  to  be  alfected  by  a  fundamen- 
tal error,  as  they  were  made  at  a  time  when  the  principle  of  tne  mechanical 
iheoiy  of  heat  was  scarcely  suspected.  A  little  consideration,  however,  will 
serve  to  show  that  such  fear  is  groundless.  Strictly  speaking,  we  must  un- 
doubtedly admit  that  specific  heat  and  latent  heat  depend  always  upon  the 
outer  pressure  under  which  bodies  expand  or  change  their  aggregate  condition. 
But,  under  ordina^  circumstances,  the  outer  work  is  so  small  for  solids  and 
liquids,  that  such  dependence  gives  rise  to  a  correction  so  slight  that  it  is  im- 
perceptible even  to  tne  most  sensitive  methods  of  measurement. 

For  gases,  the  inflaence  of  such  correction  is  so  great  that  account  has 
always  been  taken  of  it,  and  it  has  always  been  held  as  indispensable  to  give, 
for  example,  the  pressure  of  a  gas  under  which  the  specitic  heat  has  been  de- 
termined.   Only  in  the  case  of  vapors  have  errors  been  committed. 

Eveiy  investigation  upon  the  latent  heat  of  vaporisation,  in  which  an  outer 
work  is  not  performed  upon  the  steam  when  condensing  equal  to  that  per- 
formed by  it  during  its  formation,  is  essentially  erroneous,  and  can  give  no 
reliable  result 

Reflmault  has,  therefore,  very  properly,  in  his  experiments  upon  the  latent 
heat  or  vaporisation  of  water,  midntained  in  all  parts  of  his  apparatus  a  uni- 
form pressure.  The  new  theory  by  no  means  invalidates  the  value  of  the 
results  obtained  by  this  distinguished  phyudst,  but  it  rather  adds  to  their 
weiffht,  and  uses  them  to  attain  new  results.  It  does,  however,  deprive  numer- 
ous invesUgations,  in  which  this  precaution  is  neglected,  of  all  daim  to  zella- 
hUlty. 

NOTE  10.— (Page  21.) 

IHEOBT  OF  THE  COHSTTrUTIOK  OF  OASES. 

If  we  suppose,  in  a  confined  space,  a  large  number  of  molecules  separated 
by  such  intervals  that  their  mutual  actions  may  be  neglected,  and  assume  that 
uese  molecules  are  at  rest,  it  is  evident  that  they  can  exert  no  influence  on 
eieh  other,  and  that  a  portion  of  these  molecules  can  undergo  any  change  of 
state,  without  affecting  in  the  least  the  condition  of  the  others.  Upon  TOdies 
which  confine  the  system,  there  can  be  no  such  action  as  pressure.  Individual 
moleeoles  may  indeed  be  so  near  the  bounding  body  as  to  act  upon  it ;  but,  by 

*  Joole,  Plifl.  Mag.,  vol.  xvl.,  p.  S27,  1867;  Ann.  de  CMm.  et  de  Phyn.,  vol.  lil.,  ?•  S96: 
nomson,  Phil.  Mig..  1867,  vol.  vlil.,  p.  6M.  See  also  Tyndall,  Heat  w  a  Mode  of  Motion,  9d 
Bl,  pu  116;  atoo  Viliari,  Fogg.  Ann.,  vol.  czliv.,  p.  274:  Schmulewitach,  Vierteljahreaschrlft 
der  natarfonch.  QcteUactaafTin  ZQrich,  Jahrgang  zi.,  Heft  8,  and  Pogg.  Ann.,  vol.  czliv., 
P.9BQl 

T1if»  property  wafi  first  discovered  by  Goneh.  with  non- vulcanised  mbber.  In  1806.  Klcholaon^a 
Joani.,  vol.  xili.,  p.  806;  Qehlen*s  Joom.,  vol.  fz.,  p.  217. 

Later  Reaach  obaerved  aimllar  phenomena  with  gntta-percha.  Pogg.  Ami.,  vol.  czliv., 
P.81& 

Qovi  aacrf  bea  the  heating  noder  teniion  to  nnmberleaa  gaa  bnbblea. 
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reason  of  the  aasamption  of  the  mean  distance  of  the  molecnles  apart,  the 
number  will  be  yery  small  in  comparison  to  the  number  of  molecules  which 
must  act  together  in  order  to  cause  the  pressure  of  a  liquid  upon  a  solid  or 
upon  another  liquid. 

Certainly,  nothing  can  resemble  less  a  gas  than  this  incoherent  collection, 
which  can  hardly  be  called  eyen  a  system.  \Ve  have,  neyertheless,  seen  in  the 
text  that  it  is  not  easy  to  do  without  the  assumption  that  in  gases  the  distances 
apart  of  the  molecules  is  incomparably  greater  than  for  any  other  bodies.  If, 
however,  we  ascribe  motion  to  these  molecules,  the  state  of  things  is  changed, 
and  the  known  properties  of  a  perfect  gas  are  necessary  consequences  of  such 
an  assumption. 

In  consequence  of  their  motion,  the  molecules  will  impinse  upon  each  other 
and  upon  the  boandinf  surface.  In  a  short  time  there  will  be  a  mean  condi- 
tion, the  chief  properties  of  which  can  be  easily  recognized.  By  reason  of  the 
size  of  the  inter-molecular  spaces,  almost  all  the  molecules  must  move  at  any 
moment,  as  if  inflaenced  by  no  deviating;  forces  ;  that  is,  In  straight  lines,  and 
with  a  uniform  velocity  common  to  all  the  molecules  in  the  final  condition,  but 
different  for  different  molecules.  Those  which  accidentally  approach  each 
other  at  any  moment  act  upon  each  other,  and  mutually  influence  each  other's 
paths  and  velocities.  But  these  changes  last  but  a  short  time,  after  which  the 
molecnles  recede  and  return  to  the  general  conditions  of  the  system.  Individ< 
ual  molecules  may  also  impinge  centrally  or  obliquely ;  but,  since  both  the 
masses  and  velocities  of  individual  molecules  are  by  hypothesis  equal,  the  di- 
rection of  the  velocities  may  be  altered  by  impact,  but  not  their  amounts.  We 
see,  therefore,  that,  in  order  to  find  the  action  which  the  s^tem  exerts  upon 
the  confining  boundaries,  we  can  assume  as  the  actual  condition  one  in  which 
all  the  molecules  move  incessantly  in  straight  lines  in  all  conceivable  directions 
without  striking. 

If  the  boundaries  are  perfectly  elastic,  every  impinging  molecule  will  be 
thrown  back,  the  direction  of  its  motion  changed,  but  its  velocity  unchanged, 
so  that  the  total  condition  of  the  system  remains  invariable.  Let  us  assume 
this  condition  as  fulfilled,  and  seek  what  force  must  l)e  exerted  upon  a  bound- 
ary of  given  surface ;  what  pressure,  for  example,  must  be  applied,  in  order 
to  keep  it  immovable.  This  force  must  be  capable  of  reversing  the  normal 
component  of  the  velocity  of  every  molecule  impinging  in  a  given  time,  or, 
what  amounts  to  the  same  thing,  of  imparting  a  normal  yelocity,  in  the  opposite 
direction,  of  double  the  intensity  of  the  component 

This  must  evidently  be  proportional  to  tne  uniform  yelocity  of  the  mole- 
cnles and  their  masses.  It  must  also  be  proportional  to  the  number  of  molecules 
impinging  in  a  given  time,  that  is,  to  toe  number  of  molecules  in  a  unit  of 
volume,  and,  further,  proportional  a  second  time  to  the  velocity  ;  for  the  time 
which  any  molecule  requires  to  traverse  the  space  between  two  boundaries  is 
inversely  proportional  to  the  yelocity,  and  hence  the  number  of  impacts  which 
any  molecule  makes  in  a  given  time  is  proportional  to  the  yelocity. 

The  pressure,  therefore,  which  must  be  exerted  is  proportional  to  the  mass 
and  number  of  molecules  in  the  unit  of  volume,  and  to  the  square  of  the  ve- 
locity. 

The  proportionality  between  pressure  and  number  of  molecules  is  nothing 
more  than  the  proportionality  between  pressure  and  density  expressed  by 
Mariotte's  law. 

The  proportionality  to  the  mass  and  square  of  the  velocity  is  also  easily 
interpreted. 

If  we  accept  the  usual  views  as  to  the  nature  of  heat,  we  can  regard  the  veloc- 
ity of  the  molecules  as  an  indication  of  the  temperature  of  the  gas,  which  chances 
in  the  same  degree  as  the  temperature  itself.  We  have  thus  a  theoretical  de- 
finition of  equality  of  temperature.  We  say  that  two  gases  possess  the  same 
temperatures  if,  when  united  under  the  same  pressure,  they  do  not  affect  each 
other's  condition.  If  we  assume  that,  for  two  different  gases  under  the  same 
conditions,  there  are  in  equal  volumes  an  equal  number  of  molecules,  then  the 
temperatures  are  alike  when  the  product  of  Uie  mass  of  a  molecule  by  the 
square  of  the  yelocity  is  the  same  in  both. 
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The  equality  of  the  living  force  of  the  molecules  indudes,  therefore,  the 
equality  of  temperature. 

In  other  woitls  we  may  say,  that  the  living  force  of  the  molecules  is  a  func- 
tion of  the  temperature,  which  is  the  same  for  all  gases.  The  proportionality 
of  the  pressure  with  the  living  force  indicates,  therefore,  that  in  all  gases  the 
relation  between  pressure  and  temperature  is  the  same.  From  this  identity, 
together  with  Mariotte's  law,  we  easily  deduce  the  agreement  in  coefficient  of 
expansion.  If,  as  is  customary,  we  measure  the  temperature  by  the  air-ther- 
mometer, we  know  that,  if  the  temperature  indicated  is  <,  and  the  coefficient  o| 
expansion  is  a,  the  pressure  for  constant  volume  is  proportional  to  the  expres- 
sion 

-  +  <       or       278  +  t 
a 

The  living  force  of  the  molecules  is,  therefore,  proportional  to  the  tem- 
perature measured  by  a  thermometer  for  which  the  zero  point  is  at  —  278"*  C. 
At  this  temperature  of  —  273"  the  living  force  of  the  molecules  is  zero,  or  we 
may  say  that  at  this  temperature  the  gas  contains  no  more  heat — the  absolute 
Bbro  of  temperature  is  then  reached,  and  the  gas  ceases  to  be  a  gas,  and  becomes 
that  incoherent  mass  of  atoms,  independent  and  immovable,  which  we  have  just 
spoken  of. 

If,  finally,  we  assume,  with  all  chemists,  that,  under  the  same  pressure,  all 
simple  gases  contain  in  equal  volumes  the  same  number  of  molecules,  the 
changes  of  temperature  are  proportional  to  the  changes  in  the  living  force  of 
each  molecule.  We  see  then,  that  in  order  to  heat  equal  volumes  of  different 
gases  the  same  number  of  degrees,  the  same  amount  of  heat  is  necessary.  This 
conclusion  is  direct  when  rise  of  temperature  occurs  without  change  of  volume  ; 
It  follows,  also,  when  there  is  a  change  of  volume,  when  we  consider  the  for- 
mula on  page  28. 

Thus,  the  characteristic  properties  of  perfect  gases  find  a  simple  and  natural 
explanation.  The  idea  of  a  "  perfect  gas  "  is  itself  sharply  defined,  and  it  is 
easy  to  conceive  of  imperfect  gases,  which  do  not  strictly  follow  Mariotte's  law, 
whose  coefficient  of  expansion  varies  with  the  pressure,  and  which,  for  equal 
volumes,  do  not  possess  the  same  heat  capacity,  such  as  air  and  oxygen.  In 
the  system  of  individual  molecules  moving  rapidly  in  all  directions,  which  we 
have  considered,  we  have  assumed  that  at  any  given  moment  the  number  of 
molecules,  whose  motion  is  not  rectilinear  and  uniform,  is  inconsiderable  in 
comparison  with  those  whose  motion  satisfies  these  two  conditions ;  or,  what 
amounts  to  the  same  thing,  that  for  each  molecule  the  duration  of  the  period 
of  disturbance  is  vanishingly  small  compared  to  the  period  in  which  the  motion 
is  uniform.  If,  now,  the  ratio  of  these  two  periods,  while  indeed  stUl  very 
small,  is  not  vanishingly  so,  the  preceding  considerations  do  not  hold  strictly; 
and  our  conclusions  no  longer  represent  with  precision  the  properties  of  the 
system,  but  are  more  or  less  approximate  expressions  of  these  properties.  It 
is  also  evident  that  the  more  we  diminish  the  distances  apart  of  the  molecules, 
that  is,  the  more  we  condense  the  gas,  the  less  reason-  we  have  to  presume  per- 
fectly uniform  motions,  and  the  more,  therefore,  is  the  deviation  from  the  con- 
dition of  a  perfect  gas.  This  perfect  condition  is,  in  fact,  an  ideal  state  toward 
which  gases  approach  as  their  state  of  rarefaction  increases,  but  which  they 
can  never  exat^y  attain.* 

•  Tlie  theory  given  in  this  note  is  by  no  means  new.  It  was  indicated  by  Daniel  Bemonlli  in 
Us  Hydrodyiuunica.  in  1738. 

After  t>eing  forgotten  by  the  world  It  was  revived  again,  abont  1821,  by  Herapath.  Only  In 
icont  times  bis  it  received  its  present  shape  by  Joule,  KrOnig.  and  Claurios.  Clansins  has 
treated  it  In  the  most  general  manner,  and  added  to  Its  completeness  by  taking  Into  account,  in 
addition  to  the  rectilinear  motion  of  the  molecules,  their  inner  motions,  motions  of  rotation,  and 
the  prob8A>le  motions  of  impondemble  fluids.  In  a  presentation  designed  to  be  elementaiy  la 
cbanicter,  no  account  can  be  taken  of  such  a  treatment. 

It  may  snfilce  to  refer  for  further  information  to  the  original  treatises  of  Joule,  KrOnig,  and 
CISBsius.  Joule.  Phil.  Mag.  4  8er.,  vol.  ziv.,  p.  Sll ;  KrOnig,  Pogg.  Ann.  vol.  xdx.,  p.  815  ; 
Oaoslns,  Pogg.  Aun.  vol.  c^  p.  853 ;  and  Abhandinngen.  vol. IL,  pnB9. 
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NOTE  11.— (Page  23.) 

HOW  OASES  AKD  YAPORS  PEBFOBM  OTJTBB  WORK. 

The  tbeorv  glTen  in  Note  10  does  not  dedace  the  pressare  of  gaaes  from 
the  direct  action  of  a  repulaive  force,  bat  refers  It  to  incessant  impacts.  It  is 
thns  possible  to  conceive  how  a  change  of  volume  can  be  accompanied  by  no 
inner  work,  although  all  gases  seem  to  possess  the  tendency  to  expand  and 
to  resist  compression.  When  the  yolume  of  a  gas  changes,  the  number  of  mole- 
enles  in  a  given  space  changes  also,  and  when  a  change  of  temperature  occurs, 
the  velocity  of  the  molecules  changes.  But  so  long  as  the  mean  interval 
between  the  molecules  does  not  exceed  certain  limits,  their  mutual  actions  are 
imperceptible,  as  well  after  as  before  the  cbanffe  of  volume,  and  hence  require 
no  work.  The  mechanism  of  the  relation  which  exists  between  outer  work 
and  heat  absorbed  or  generated,  is  not  hard  to  conceive.  When  we  compress 
a  gas,  we  apply  a  force  to  a  movable  piston  which  is  greater  than  that  neces- 
sary to  reverse  all  the  normal  components  of  all  the  modules  which  in  a  given 
time  impinge  upon  the  piston. 

The  velocity  of  all  the  molecules  is  thus  di recti v  or  indirectly  increased, 
and  the  work  of  the  outer  pressure  is  equivalent  to  tne  increase  in  the  sum  of 
the  living  forces  of  the  molecules,  that  is,  to  the  heat  venerated. 

The  reverse  is  the  case  for  expansion.  The  molecules  impart  to  the  piston, 
upon  which  there  is  no  sufficient  force,  according  to  the  laws  of  impact,  a 
portion  of  their  living  force,  and  this  impartation  of  living  force  is,  from  our 
standpoint,  an  absorption  of  heat  or  a  production  of  work. 

Similar  considerations  apply  to  vapors  and  their  work  in  the  engines  they 
operate.  There  is  thus  an  imparting  of  living  force  when  the  piston  is  raised, 
and  a  reappearance  of  living  force  when  it  sinks.  If  work  is  performed  by 
the  engine,  it  is  sufficient  that  there  is  no  equality  in  the  two  cases.  The 
living  force  which  fails  to  reappear  is  the  equivalent  of  the  work  done.  Thus 
disappears  the  apparent  contradiction  in  the  fact  that  a  system  may  produce 
worK,  while  the  inner  works  are  sero. 


NOTE  12.— (Page  24.) 

THE    YALTTE     OF    THE     MECHANICAL    EQUIYALEin?    OF    HEAT     AS 

OIYEK    BY   CABBONIO    ACID. 

In  determining  the  mechanical  equivalent  of  heat  from  the  properties  of 
carbonic  acid,  the  specific  heat  at  constant  pressure  was  taken  at  0.2168,  as 
given  by  Reniault  in  April,  1863.  According  as  we  take  for  the  ratio  of  the 
two  specific  beats,  1.2867  as  given  by  Masson,  or  1.8882,  given  by  Dulong,  we 
obtain  402  or  865.  But  the  number  0.2168  expresses  omy  the  mean  specific 
heat  between  0  and  210^.,  and  this  mean  specific  heat  is  not  the  exact  value 
for  a  given  temperature. 

From  the  eneriments  of  Begnault  (given  in  Vol.  26  of  the  M^moires  de 
TAcademie  des  Sciences),  carbonic  acid  has  at  the  temperatures  0  and  100  the 
specific  heat  0.1870  and  0.2646.  If  we  insert  these  valaes  in  the  formul»  on 
piage  28,  we  have  for  «/'the  values 

410  and  867,  or  466  and  406, 
according  as  we  take  for  -^  the  value  given  by  Masson  or  by  Dulong. 
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NOTE  13.— (Page  25.). 
ranrciPLB  of  thb  method  of  imrEsnoATioK  of  thomsok  ah^d 

JOULB  of  thb  heat  PHENOMENA  IS  GASES  IK  MOTIOK. 

The  method  of  investigation  used  by  William  Thomson  and  Joule  consists 
In  allowing  a  stream  of  xas  to  pass  throngh  a  porous  diaphragm,  from  which 
it  Issues  ^th  consideraoijr  reduced  pressuro.  The  friction  absorbs  nearly  all 
the  velocity  due  to  the  expansion.  A  sensitive  thermometer  gives  the  tem- 
perature of  the  gas  before  and  after  ef9ux. 

It  was  so  arranged  for  air,  carbonic  acid,  and  hydrogen,  that  simple  expan- 
sion, even  when  accompanied  by  no  outer  worlc,  caused  a  slight  change  of 
tempermture,  nearly  proportional  to  the  pressure,  and  which  depended  on  the 
initial  temperature.  Thus  has  l)een  determined  the  relation  between  the  inner 
work  and  the  outer,  when  a  gas  expands  under  pressure.  If  we  assume  the 
expansion  as  very  small,  and  if  the  temperature  is  nearly  16^,  the  ratio  of 
these  values  for  air  is  74t;  for  carbonic  acid,  yV;  for  hydrogen,  completely  im- 
perceptible. 

The  formula  of  page  28,  which  gives  the  mechanical  equivalent  of  heat 
from  the  work  performed  by  slight  expansion  and  the  heat  abeorbed,  is  there- 
fore applicable  without  error  to  hydrogen.  For  air  there  is  a  slight  error, 
which,  however,  is  less  than  the  error  which  may  arise  from  the  inaccuracy  of 
the  value  for  the  specific  heat  for  constant  volume.  For  carbonic  acid,  finally, 
the  left  side  of  the  equation  must  be  increased  by  vSth.* 

It  is  certainly  too  early  to  seek  in  this  manner  to  obtain  a  satisfactory  agree- 
ment  in  the  values  of  the  mechanical  equivalent  of  heat  for  various  gases. 

The  density,  the  coefficient  of  expansion,  the  specific  heat  for  constant  volume, 
are  very  exactJy  known  from  Kegnaalt's  experiments,  for  air,  hydrogen,  and 
carbonic  acid.  But  there  still  remains  considerable  uncertainty  in  the  values 
attributed  to  the  specific  heats  for  constant  volume.  This  evades  direct  deter- 
mination, and  must  be  deduced  from  observations  upon  the  velocity  of  sound, 
or  from  heat  phenomena  which  are  caused  by  changes  of  volume ;  and,  in  the 
present  state  of  such  experiments,  we  can  scarcely  assume  that,  except  in  the 
ease  of  air,  it  has  been  determined  with  accuracy.  It  follows,  moreover,  from 
the  formula  and  the  known  values  of  CV  and  C7r,  that  every  error  which  is 
made  in  the  value  of  6V  in  the  case  of  air,  causes  a  double  error  in  the 
resulting  value  of  /,  and,  in  the  case  of  carbonic  acid,  a  threefold  error.f 

*  In  •  tre&tlM  efpeciallj  Intended  to  diminish  the  difference  lietween  the  values  of  the 
Beehanical  eqaivalent  w  given  by  the  formula,  Baumgaitncr  haa  taken  the  ratio  of  the  inner 
to  tke  outer  woric,  according  to  Tnonuon  and  Joule,  equal  to  ^^-^  for  hydrogen,  -j-^  for  air,  and 

^  for  carixmk  acid. 

TheM  values  are  certainly  given  by  Thomson  and  Joule,  but  they  relate  to  the  case  in 
wiiSch  the  presraro  falls  from  4.7  atmotPpheres  to  one  atmosphere.  It  is  a  great  error  to  apply 
tbem  as  corrections  to  a  formula  dcducetl  for  such  a  slight  change  of  pressure  as  that  which 
aecompaoies  a  change  of  volume  of  4 he  amount  of  the  coefficient  of  expsnsion.  (Sitaungsbe- 
ilchte  der  K.  K.  Akademic  der  Wlssenschaften,  Vienna,  vol.  zzxvlii.,  p.  344.) 

1 1/  we  aMome  the  density  of  the  air  about  f  ^j,  its  specific  heat  under  constant  pressure 

to  be  known,  lu  coefflcient  of  expansion  at  about ;,  j^j^,  and  the  ratio  of  the  specific  heats atabout 

^^,  we  find  in  the  value  of  J  deduced  from  the  formula  an  error  of  -^^  or  about  8  units. 

For  carbonic  acid  the  difference  in  tlie  value  of  C^,  given  by  the  experiments  of  Dniong  and 
Xaseon,  is  so  great  that  no  dependence  can  be  placed  ii))ou  calculation.  We  see,  therefore,  that 
It  IS  noc  yet  timo  to  discuss  this  correction,  and  all  that  we  can  say  with  safety  is,  that  the  coin- 
"  ice  of  the  results  for  air  and  hydrogen  renden  it  certain  that  the  value  of  the  eqaivalent 
lie  between  «W  sad  430. 
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NOTE  U.— (Page  82.) 

ITPOK  THE  CONDENSATION  OP  STEAM  IK  EXPANDIITa. 

The  oondensation  of  satimted  steam  during  expansion  was  shown  on  theo- 
retical grounds  by  Rankine  and  Claasius  independently  in  1860.  Theory  gives 
a  necessary  relation  between  the  latent  heat  of  vaporixation  of  water^  its  spe- 
cific heat,  and  the  amount  of  heat  which  must  be  imparted  to  the  unit  of  weight 
of  steam,  when  simultaneously  heated  and  compressed,  so  that  it  shall  remain 
saturated.  Since  all  the  quantities  which  enter  the  equation,  with  the  excep- 
tion of  the  third,  are  given  by  Regnanlt*s  experiments,  this  may  be  found,  and 
in  this  way  it  has  been  found  to  be  negative.  We  mnst,  therefore,  abstract 
heat  from  steam  which  is  compressed  and  heated,  in  order  to  keep  it  saturated ; 
and,  on  the  other  hand,  heat  must  be  Imparted  to  steam  which  expands  and  cools, 
in  order  to  keep  it  from  condensing. 

When  .the  expansion  occurs  without  addition  of  heat  from  without,  all  the 
steam  cannot  therefore  remain  in  the  pure  saturated  state,  and  in  order  that  a 
part  of  it  may  remain  saturated,  anotiier  part  must  condense,  and  thus  furnish 
the  necessary  heat. 


NOTE  15.— (Page  34.) 

THE  EEQENERATOB  IN  HOT-AIB  ENGINES. 

It  may  appear  as  if  the  same  reasons  which  cause  the  heat  quantity  at'  to  be 
lost  to  the  engine,  also  contradicted  the  possibility  of  the  unlimited  usefulness 
of  the  quanti^  «„  («,  —  in). 

In  fact,  we  can  scarcely  see  any  other  wav  of  reducing  the  temperature  from 
ti  to  to,  than  by  contact  with  a  cold  body,  which  receives  heat  as  the  gas  cools, 
but  which,  at  the  end,  has  the  same  temperatuxe— <o — as  the  gas.  Under  such 
circumstances,  indeed,  the  quantity  of  heat  ep{ti  —  to)  would  he  contained  in  a 
body  of  the  temperature  to,  and  could  not  therefore  be  used  for  heating  a  new 
charge  of  gas,  so  that  it  would  also  be  lost  as  well  as  the  heat  ^,  This  diffi- 
culty  has  been  met  by  Stirling  in  a  very  ingenious  manner.  The  gas  is  cooled 
in  the  engine  from  ti  to  to,  by  passing  through  a  porous  conducting  body,  such 
as  a  net-work  of  wires,  to  the  different  layers  of  which  it  imparts  its  heat  If 
this  body  is  at  first  at  the  temperature  ^of  its  different  layers  will  be  raised  by 
contact  with  the  departing  gas  to  some  temperature  higher  than  to,  but  some- 
what less  than  ti ,  except  the  last  layer,  which,  if  the  body  has  sufficient  thick- 
ness, will  have  the  temperature  ^o*  When,  then,  a  second  charge  of  gas  ci 
the  temperature  to  enters,  it  will  be  gradually  heated  by  contact  with  the  suc- 
cessive layers,  and  will  enter  the  cyhnder  with  a  higher  temperature  than  to, 
so  that  in  order  to  raise  this  charge  up  to  t|  will  .require  less  heat  than  the  first 
charge. 

After  this  charge  has  acted  in  the  engine,  and  passes  out.  It  finds  all  the 
layers,  with  the  exception  of  the  last,  at  a  higher  temperature  than  to,  and  will 
raise  them  all  to  a  higher  temperature  than  the  first  did.  Thus,  a  third  charge 
will  enter  the  cylinder  hotter  than  the  second,  and  upon  issuing,  will  leave  the 
layers  still  hotter  than  the  second  did,  and  the  temperature  of  the  first  layer 
still  nearer  therefore  the  temperature  f ,  of  the  issuing  charge.  The  amount 
of  heat  which  must  be  imparted  by  the  fire  in  order  to  raise  each  successive 
chajge  of  air  from  to  to  <°,,  will  decrease. 

Theoretically,  the  engine  approaches  constantly  the  condition  in  the  text, 
in  which  the  heat  Cv  d  —  to)  is  constantly  given  up  by  the  air  to  the  regenera- 
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tor,  and  tben  glveii  back  by  tbe  latter  to  the  fresh  charge,  thus  remaining 
always  in  the  engine. 

In  practice,  a  certain  fraction  of  this  heat  mnst  he  lost  and  made  good  bj 
the  fire  at  every  stroke.  Experiment  shows  that  the  heat  of  this  fraction  may 
be  less  than  Vffth. 

The  porous  body  which  is  thos  nsed  is  called  the  "  reffenerator."  It  has 
been  constructed  in  various  ways.  A  system  of  glass  tubes  nas  been  used,  also 
metal  wires»  and  wire  net-work.  Qlass  and  similar  substances  are  too  bad 
conductors,  and  answer  the  purpose  very  imperfectly.  Metal  wires  and  net- 
work are  better,  but  they  are  quickly  oxidized  by  the  action  of  the  hot  air. 

This  purely  practical  difficulty  is  one  of  the  chief  hindrances  to  the  extended 
•{ipUcation  of  the  hot-air  engine. 


NOTE  16.— (Page  36.) 


DEIXBMIHATIOK    OF  THE  EFFI0IE17GY    OF  THE  EBICSSOK'B  EKGimB 
AKD  THE  El^GINE  WITHOUT  BEGEKEEATOB. 


Let  us  take  as  an  example  an  Ericsson  hot-air  engine.  In  this  the  air  Is 
first  heated  under  constant  pressure,  then  allowed  to  expand  and  cool,  then  still 
further  cooled  under  constant  pressure,  and  finally  by  compression  brought  back 
to  its  original  condition.  As  in  Stirling's  engine,  we  can  represent  these  succes- 
sive operations  graphically.  Let  0  to  be  the  volume  eo  of  the  unit  of  weight  of 
air,  of  the  temperature  ^o;  ^''^  pressure  po-  Thus  Vq  To  is  the  pressure.  The 
air  is  first  heated  under  this  constant  pressure  po,  from  the  temperature  ^o  to 
the  temperature  i^,  which  re- 
quires the  amount  of  heat  y 
^Ui  "  <o)-  Let  O^i  be  the 
vdume  «!  at  the  ena  of  this 
operation. 

Now  the  air  expands  from 
the  Tolume  e^  to  Ovt  =  ««, 
while  the  temperature  ii  re* 
mains  unchanged.  The  or-  fi 
dinates  to  the  hyiwrbola 
r,  T^,  give  at  every  instant 
of  expansion  the  pressure  of 
the  air.  Let  the  final  press- 
ure hep,.  Next,  the  air  is 
cooled  under  thiiB  constant 
pressure  pt>  nntil  the  tem- 
nerature  is  again  ^o*  It  is 
finally  oompreued,  while  the 
temperature  remains  un- 
changed, till  the  pressure  Is 

•gain  Po.  The  hyperbola  To  To  gives  the  pressure  at  any  point  during  the 
compreeiiion.  The  area  To  Ti  Ti  To  is  evidently  the  ffeometrical  representa- 
tion of  the  outer  work.  We  can  easily  find  this  by  prolonging  the  lines  Tj  Tq 
to  intersections  B  and  8  with  the  axis  of  T,  and  finding  the  difference  of  the 
hyperbolic  aieas  B8  T^  TitaidB  8  To  To.    We  thus  find 

Area      To  Ti  T^  To  =  («!  -«fl)Po  log nat  -^ . 

The  beat  utilised  is  therefore  equal  to  the  quotient  of  this  expression  when 
divided  by  the  mechanical  equivalent  of  heat.    As  to  the  total  beat  imparted 
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and  the  heat  not  utilised  we  have,  when  we  denote  bj  q  the  heat  imparted 
daring  the  eeoond  operation,  and  by  gf  that  abstracted  daring  the  f  oarth, 

<V  (*i  -  <o)  +  5^ 
«p(^  -  <o)  +  ?'. 

We  can,  therefore,  jast  as  in  Stirling's  engine,  hj  means  of  a  regenerator,  keep 
the  heat  ^(^  —  to)  in  the  engine. 

Finally,  the  amounts  of  heat  q  and  &  are  the  heat  eqoivalents  of  the  work 
represented  by  the  hyperbolic  areas  Oi  2*i  Ti  Vt  and  Vq  Tq  Tq  v^.    These  are 

Pq  «,  log  nat  ^,  and  Pq  Vq  log  nat  ^  . 

The  ratio  of  the  asef  ol  work  to  the  total  is  hence 


or  again 


Let  as  consider,  finally,  a  third  kind  of  engine,  which,  indeed,  is  not  prac- 
tically realised,  bat  which  is  theoretically  the  most  perfect,  since  it  does  not 
reqaire  a  reffenerator.    The  air  first  expands,  while  its  t^peratare  is  kept 
constantly  2\  by  the  addition  of  heat.    The  hyperbolic  arc  Ti  T^  gives  the  re- 
lation between  pressure  and 
volume  during   the   expan- 
mon. 

Let  the  initial  pressure  be 
f  1  and  the  final  pf.  We  now 
let  the  air  still  farther  ex- 
pand, but  without  adding 
or  abstracting  heat,  so  that 
the  temperature  gradaally 
sinks  to  to,  and  the  press- 
ure varies  as  the  ordinates  to 
the  curve  Ti  To,  which  must 
approach  the  axis  of  x  more 
rapidly  than  Ti  T,.  Let  pt 
be  the  final  pressure,  and  ^q 
the  corresponding  tempera- 

^    tare.    In   the  third   period 

the  air  is  compressed,  while, 
at  the  same  time,  heat  is  ab- 
stracted in  such  a  manner 
that  the  temperature  is  kept  constant,  so  that  the  hyperbolic  arc  To  To  gives 
the  relation  between  pressure  and  volume.  This  compression  is  carried  up  to 
the  point  where  the  pressure  is  po-  Finally,  the  air  is  still  further  compressed, 
but  without  imparting  or  abstracting  hea^  until  the  pressure  is  again  p^,  and 
the  temperature  ti. 

We  see  at  once  the  analogy  with  the  preceding  cases.    In  the  first  operation 
the  heat  imparted  is 

Jp...Iognat|;. 
and  in  the  third,  that  abstracted  is 

-=PoVo}ogliB,t  ^  . 
¥  Pt 


Fio.  6. 


>»    ^3 


TO  TEE  LB0TUBE8.  75 

MoreoTer,  when  a  is  the  ooeffioient  of  expansion,  we  have,  for  the  relation  be« 
tween  presBore  and  tempeiatoie  in  the  second  and  fourth  periods,* 

Cp  —  6v 


1  +  a«a/  ""  JP»  • 


and 

Po 


\1  +  octo) 


Hence,  £l=^.    or     ^  =  2iL. 

Pz       Po  Pm      P» 

We  ha^e,  therefore,  for  the  ratio  of  the  heat  utilised  to  the  total  ezpenditore 
ofheat  *^ 

Pi  9i  -  Po  i>o      ^y    c^jti-to) 
Pi9i       *  1  +  crti   • 


NOTE  17.— (Pago  36.) 

HOX-AIB    ElETGIKES    IK   WHICH    THE   TEMPEBATXmB    FALUI   TO  IHB 

ABSOLUTS  ZEBO   OF  TEHPEBATUBE. 

It  follows  from  the  general  formula  that  if  it  were  possible,  in  a  hot-air 
engine  which  satisfies  the  above  conditions,  to  reduce  the  temperature  down 
to  the  absolute  aero,  the  efficiency  would  be  unity.  It  is  not  difficult  to  see 
the  reason.  In  Stirling's  engine,  for  example,  if  the  third  operation — viz.,  that 
in  which  the  gas  is  compressed  under  withdrawal  of  heat — stakes  place  under 
the  temperature  of  absolute  zero,  the  gas  possesses  at  this  temperature  no 
pressure.  No  work,  therefore,  is  necessary  to  compress  it,  and  the  total  work 
perfonned  in  the  second  period  will  be  disposable.  In  Ericsson's  engine  the  gas, 
in  order  to  have,  at  a  temperature  indefinitelv  near  the  absolute  zero,  a  notice- 
able pressure,  must  have  an  indefinitely  small  volume.  The  work  in  the  fourth 
operation  will  be  infinitely  small,  and  we  have  at  disposal  the  total  work  in  the 
second  period.  In  the  engine,  finally,  without  regenerator,  if  the  third  opera- 
tion, as  in  Stirling's  engine,  occurs  at  the  temperature  of  absolute  zero,  it  re- 
qnim  also  no  expenditure  of  mechanical  work. 

It  may  not  be  without  profit  to  consider  for  a  moment  how  it  can  be  possible 
that,  at  the  temperature  of  absolute  aero,  a  gas  can  be  compressed  without 
requfrlng  work  to  compress  it. 

Let  us  consider  a  system  of  moleeules  which  are  in  absolute  rest,  and  so  far 
distant  from  each  other  that  their  mutual  actions  can  be  disregarded.  If,  now, 
this  system  is  compressed  by  means  of  a  piston,  the  piston  will  impart  a  cer- 
tain velocity  to  the  molecules  which  it  meets ;  but,  idnce  by  hypothesis  the  tem- 
perature is  kept  at  absolute  zero,  these  velocities  remain  inniitely  small.  We 
reqolre  upon  tne  piston,  therefore,  only  a  force  which  imparts  to  a  finite  num- 
ber of  molecules  in  a  fiidte  time  an  infinitely  small  velocity,  that  is,  an  infinitely 
flnaU  force. 


•  Tbit  ii  the  law  of  '•  adiatMtic  **  ezpanrion  or  •*  Potsson's  law.**  See  Polaeon,  TnXXA  de  M6- 
eniqae,  voL  v.,  chap.  4 ;  Wdttecb,  toI.  IL,  art  S7«  ;  alto,  page  MB,  chap,  v.,  of  the  pnaent 
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NOTE  18,— (Page  87.) 

THE  NECESSABY  TEKDEKOY  OF  HEAT  TO  PASS  FBOK  A  WABKEB  TO 

A  COLDER  BODY. 

In  a  sjTBtem  composed  only  of  a  perfect  and  simple  gas,  the  tendency  of 
heat  to  pass  from  a  warmer  to  a  colder  body  is  a  necessary  consequence  of  the 
laws  of  impact  of  elastic  bodies.  We  have  seen,  in  a  preceding  note  (No.  10), 
that  in  such  bodies  the  temperatare  is  proportional  to  the  living  force  of  the 
Individ oal  molecules,  when  this  temperatare  is  reckoned  from  the  absolute 
aero,  that  is,  from  —  278'*  C.  It  is  at  once  evident,  that  when  different  perfect 
gases  unite,  those  molecules  which  possess  the  greatest  living  force  will  give 
up  bv  impact  a  part  of  their  living  force  to  those  which  have  less ;  or,  in  other 
words,  heat  is  af  ways  and  of  necessity  imparted  by  the  molecules  of  the  warmer 
gas  to  those  of  the  colder. 

When,  therefore,  we  say  that  in  such  systems,  when  subjected  to  any  eyele 
of  changes  in  which  the  final  and  initial  conditions  are  the  same,  heat  can  in 
no  case  pass  from  a  cold  to  a  warmer  body,  we  simply  express  a  truth  as  clearly 
proven  as  the  impossibility  of  perpetual  motion. 

This  hardly  holds  for  other  cases.  But  we  may,  however,  presume  that 
the  ffeneral  laws  of  heat,  equilibrium,  and  motion,  are  nothing  more  than  pure 
mechanical  principles,  and  although  we  choose  a  gas  as  the  subject  of  com- 
parison, we  may  still  thus  form  some  idea  as  to  what  properly  constitutes 
equilibrium  and  difference  of  temperature  for  other  bodies.  If  a  solid  or  liquid 
body  is  of  equal  temperature  with  a  gas,  the  molecules  must  have  such  a  state 
of  motion  that,  so  long  as  the  center  of  gravity  of  the  body  is  not  changed,  the 
gas  molecules  which  come  in  contact  with  the  body  neither  receive  nor  part 
with  living  force.  It  follows,  then,  that  if  two  solid  bodies  are  in  temperature 
equilibrium  with  the  same  gas,  their  temperature  will  not  alter,  i.  e.,  the 
motions  of  their  molecules  will  not  change,  when  they  are  brought  into  direct 
contact  with  each  other.  That  which  holds  for  this  case,  holds  good  also 
when  the  ether,  upon  which  all  radiation  phenomena  depend,  is  the  HQuadium  of 
communication. 


NOTE  19.— (Page  40.) 

THE  INFLUEXTOE  OF  FBIOTIOK  IN  THE  ELECTBO-THEBMAL  IKVESTI- 

OATIOKS  OF  FAVBE. 

It  is  not  necessary,  in  these  experiments,  to  take  account  of  the  influence  of 
friction,  but  we  compare  directly  the  observed  diminution  of  heat  with  the 
useful  work  of  the  engine.  The  friction  of  the  engine  uudoubtedly  develops 
heat,  and  this  heat  acts  in  the  calorimeter  just  as  well  as  that  developed  by 
the  passage  of  the  current.  But  the  development  of  heat  by  friction  means  in 
reality  the  performance  of  work  and  generation  of  living  force,  and  this  double 
production  produces  an  equivalent  diminution  of  the  heat  developed  in  the 
circuit.  Thus  the  friction  increases,  on  the  one  hand,  the  heat  in  the  calori- 
meter, and  on  the  other,  diminishes  it  by  a  precisely  e<}ual  amount.  We  need 
not,  therefore,  consider  it  at  all.  The  only  correction  is  due  to  the  friction  of 
the  rollers,  outside  of  the  calorimeter,  by  aid  of  which  a  weight  is  raised. 
Experiment  has  confirmed  the  strict  compensation  of  the  two  opposite  effects 
of  friction.  Whether  the  engine  is  at  rest,  or  whether  in  acuon,  without 
raising  the  weight,  we  have  always  in  the  calorimeter  the  same  amount  of 
heat. 
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NOTE  20.— (Page  43.) 

XHS  DI8C0TEBT  OF  IKDUCHOK  PHBKOHElSrA. 

The  experiment  referred  to  is  giyen  in  the  Annales  de  Chimie  et  de  Phy- 
Blqne,  2  Serie,  toI.  xxi.,  p.  47.  An  annular  plate  of  copper  was  hung  hj  a  silk 
thread  in  the  plane  of  a  circular  frame,  upon  which  was  wound  a  number  of 
turns  of  insulated  copper  wire.  A  powerful  iron  magnet  was  placed  with  one 
pole  in  the  circle  and  tne  other  without. 

As  soon  as  the  current  passed,  the  circle  was  attracted  or  repelled  bj  the 
eleetio-magnet ;  but  the  duration  of  the  action,  as  in  all  similar  induction 
phenomena,  was  yeiy  short.  This  fact,  probably,  prevented  Ampere  from 
feeling  eonfidence  in  his  experiment,  for  he  failed  to  draw  from  it  the  least 
eonelusicn,  and  nothing  further  is  said  of  it  till  Faraday  published  his  dis- 
oorery.  This  is  the  more  surprising  as  Ampere,  at  the  time  when,  in  associa- 
tion with  de  la  Rive,  he  undertook  tUs  experiment  (1822,  at  Genf),  sought,  in  so 
many  words  at  least,  **  to  produce  an  electric  current  by  the  action  ox  another 
cvrent.''    These  are  his  words  ten  years  later. 


NOTE  21.— (Page  42.) 

DEDUCnOK  OF  THE  LAWS  OF  IKDUCTION  FBOH  THEORY. 

We  oooflider  a  battery  eonsistinff  of  any  number  of  equal  or  unequal  ele- 
ments. According  to  the  laws  of  Faraday,  the  amounts  of  chemical  action 
which  are  (leveloped  in  the  same  time  in  lie  different  elemefits  are  mutually 
equiTslent. 

If,  therefore,  L\  L'\  L"\  etc.,  are  the  works  of  the  chemical  forces  in  the 
different  elements  during  the  time  required  in  each  for  the  decomposition  of 
one  equiTalent  of  metal,  the  total  amount  of  heat  developed  in  the  battery  and 
eoodaetoFBf  usumed  at  rest,  is 


"7"' 

On  the  other  hand,  Joule's  experiments  have  shown  that  the  amount  of 
heat  developed  in  a  unit  of  time  in  a  conductor,  is  proportional  to  the  resistance 
and  to  the  square  of  the  intensity  of  the  current.  Let  E  be  the  total  resistance 
of  the  eondacting  wire  and  battery;  Fthe  intensity  of  current,  then  the  heat 
developed  Id  a  unit  of  time  in  the  battery  and  conductora  is  proportional  to 
T^B  or  to  rSA,  if  2 A  denotes  the  sum  of  the  eleotro-moUve  forces,  and, 
•oeoidiiig  to  Ohm's  law 

r    ^^ 

If  0  is  the  time  necessary  to  decompose  one  equivalent  of  metal  in  each 
elemeiity  the  amount  of  heat  which  we  have  just  represented  by  2  X  will  be 
praportiooal  to  /O  2  ^,  or,  simply,  to  2  A,  when  we  take  as  unit  that  intensity 
of  enmnt  wbidi  corresponds  to  the  decomposition  of  one  equivalent  of  metal 
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in  the  unit  of  time.  We  shall  therefore  have,  when  we  have  properly  chosen 
the  unit  of  electro-motiye  force, 

Let  us  now  assume  that  the  circuit  as  a  whole,  or  that  jMrtions  of  it,  under 
the  influence  of  outer  points  of  magnetic  attraction,  or  of  the  mutual  action  of 
the  Tarioos  elements,  moves.  Then  the  work  of  the  chemical  forces  is  equiv- 
alent to  the  heat  developed,  and  to  the  work  of  the  electro-ma^etic  or  electro- 
dynamic  forces.  We  denote  by  Udi  that  part  of  this  work  which  is  performed 
in  the  indefinitely  small  time  at. 

Let,  further,  t  be  the  corresponding  intensity  of  the  current,  expressed  in 
the  assumed  unit.  Then  idt  is  the  fraction  of  one  equivalent  of  metal  de- 
composed in  each  element  in  the  time  dJL  Finally,  let  Q^  be  the  total  amount 
of  heat  developed.    Then,  according  to  what  has  been  said. 

Combining  Ohm's  law  with  Joule's,  we  see  that  Qdt  is  always  proportional 
to  the  product  of  idt  by  the  sum  of  the  electro-motive  forces.  It  is  impossible 
that  this  sum  should  remain  ^A,  It  is  necessary  that  by  the  action  of  motion 
it  shall  become  less.  In  other  words,  to  the  living  forces  whose  sum  is  repre- 
sented by  'SA,  we  have  an  opposing  force  F,  which  must  satisfy  the  oonditton 

i^^i{;SA'-F)  +  j-. 

We  shall  now  investigate  separately  the  two  cases  which  we  have  distin- 
guished. 

As  soon  as  the  circuit  (battery  included)  moves  as  a  whole,  and  without 
changing  its  shape,  under  the  influence  of  outer  force  centers,  the  elementary 
work  Um  is  proportional  to  the  energy  C  of  these  force  centers,  to  the  intensity 
%  of  the  stream,  and  to  a  function,  <p,  which  depends  upon  the  relaUve  position 
of  the  circuit  and  these  force  centers  at  any  gfiven  moment,  upon  the  kind  of 
motion,  and  upon  the  distance  ikZ^  passed  through  by  any  element  We  have, 
therefore. 

The  factor  e  is  the  yelocity  at  a  given  moment.  We  see  therefore  that  the 
electro-motive  force  of  induction  is  proportional  to  the  velocity  of  displacement, 
and  to  the  expression  Cg>,  which,  when  multiplied  by  ix2^,  gives  the  elementary 
work  of  the  outer  forces  upon  a  circuit  traversed  by  a  current  whose  intensity 
is  unity. 

When  the  elements  of  the  circuit  change,  by  reason  of  their  mutual  action, 
we  can  represent  the  elementary  work  of  their  mutual  actions  by  Pif9dt,  where 
^  is  a  similar  f tuction  to  <p.    Therefore,     * 

or,  F=  -J- . 

The  electro-motive  force  in  this  case  is  proportional  to  the  intensity  of  the 
stream  and  to  the  velocity  of  the  relative  motion. 

In  the  general  case  of  chanee  of  form,  and  total  or  partial  displacement  by 
the  inflnence  of  outer  forces,  the  electro-motive  force  of  induction  is  the  sum 
of  the  two  preceding  expressions. 
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NOTE  22.— (Page  42.) 

THE  COKPLBIJB  TRAKSFORMATIOK    OF    HEAT   UTTO    WOBK,  BY   THE 

ELECTSO-MAGlJrETIC  EKGIXE. 

Let  VE  consider  sn  electro-magnetic  engine.  We  assume  first  that  only  the 
immovable  pieces  are  traversed  by  the  current,  and  that  the  movable  pieces  are 
permanent  magnets.*  We  assume  such  an  engine,  which,  under  the  influence 
of  outer  resistance,  has  attained  its  condition  of  normal  activity,  so  that  in 
successive  periods  the  rotation  is  identical.  This  condition  does  not  include, 
strictly  speaking,  uniformity  of  motion  ;  but,  in  a  well-constructed  machine,  in 
which  the  intensity  of  the  mutual  action  of  the  magnets  and  wire  spirals  varies 
from  one  moment  of  the  rotation  to  another  but  little,  the  rotation  can  be  con- 
sidered as  essentially  uniform.  If  we  call  V  the  velocity  of  ^is  rotation,  the 
electro-motive  force  of  induction  is  iTF,  where  JT  is  a  constant  coeflScient  which 
depends  upon  the  strength  of  the  moving  magnets  and  the  arran^ment  of  the 
machine.  Hence,  if  we  denote  by  A  the  sum  of  the  electro-motive  forces,  by 
B  the  resistance,  and  by  i  the  intensity,  we  have 

._  A-^KV 
• B       • 

The  heat  corresponding  to  the  deoompodtion  of  one  equivalent  of  metal  in  each 
element  is,  therefore, 

A'-KV. 
In  rest»  it  would  be  A,    The  heat  transformed  into  work  is  then  JTF.    The 


ratio  ---p  of  these  two  quantities  increases  with  the  velocity,  and  approaches 

uni^  as  the  electro-motive  force  A  —  iTF  and  the  intensity  approaches  lero. 
If  the  movable  and  immovable  parts  are  traversed  by  the  same  current,  the 
electro-motive  force  of  induction  is  expressed  by  h  Vi,  so  that 

.      A-'kn  .  ^ 

i  = 5 »        OT,        <  = 


B       '        '     '""-B  +  AF* 
The  amount  of  heat  developed  per  imit  of  time  in  the  circuit  is,  therefore, 

(sTTf)*      ''''      ^bTW' 

Dnrinff  the  time  6,  which  is  required  for  the  decomposition  of  one  equivalent 
of  metal  m  each  element,  the  heat  developed  is 

Mi  A      B  ^       B 


B-^-hV         •       ^B  +  hV 

since  we  assnme  (see  preceding  note)  that  »G  is  equal  to  unity.    In  a  state  of 
rest»  this  quantity  is  A,    The  heat  transformed  into  work  is  then 

.      hV 


B  +  hV 
which  approaches  A  the  greater  F  becomes. 


•  FhmimeDt  bas  often  constrocfed  machlnen  of  this  kind.  The  theory  of  thoie  in  which  the 
faBBorable  pMcee  are  magncU  and  the  movable  one*  wire  coils,  does  not  dJiter  essentially  from 
Ihe  present  ptcacntatkm. 
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NOTE  23.— (Page  43,) 

DBTERXIKATIOK  OF  THE   MECHAinCAL    EQUiyALEKT  OF   HEAT    BY 

ELECTBO-MAOKETS. — ( JOULE. ) 

Joule  caused,  by  means  of  a  weight,  a  movable  electio-magnet  to  turn 
between  the  poles  of  an  immovable  electro-magnet  of  great  power.  He  deter- 
mined first  the  weight  which  was  necessary  in  order  to  give  to  the  apparatus 
a  constant  velocity  under  the  influence  of  friction,  the  current  of  both  electro- 
magnets being  open.  Then  the  conducting  iwire  of  the  fixed  electro-magnet 
was  connected  with  the  battery,  and  that  of  the  moyable  closed  with  a  short 
thick  wire,  and  the  weight  determined  which  had  to  be  added  to  maintain  the 
same  constant  velocity,  as  also  the  heat  developed  in  the  movable  current 

This  last  part  of  the  experiment  appears  to  hare  left  much  to  be  desired. 
The  movable  eleotro-magnet  was  placed  in  a  glass  vessel  filled  with  water,  and 
the  rise  of  temperature  of  this  compound  system  directly  observed,  in  order  to 
find  the  heat  generated.  Two  constant  sources  of  error  must  tend  to  cause 
this  determination  to  give  too  small  values.  First,  it  is  extremely  doubtful 
whether  there  is  simultaneously  a  common  temperature  in  the  water  and  the 
soft  iron  and  the  insulated  copper  wire  which  form  the  movable  system.  More- 
over, the  long  cvlindrical  shape  of  the  system  fayors  the  cooling  by  radiation 
and  contact  with  the  air.  Tnis  last  is  also  increased  by  the  rotary  motion. 
Whatever  care  is  tsken  in  applying  corrections,  it  can  hardly  be  avoided 
estimating  too  low  the  heat  developed  by  the  given  expenditure  of  work,  and 
hence  obtaining  too  large  a  value  for  the  mechanical  equivalent.  It  is,  there- 
fore, not  surprisinflf,  that  the  value  deduced  from  these  experiments  is  about 
i>rth  greater  than  the  probable  value.  In  some  spedal  exp^ments,  the  differ- 
ence &  even  still  greater. 


NOTE  24.— (Page  45.) 

THE    KATUBE    OF  ELEGTBO  -  MAGNETIO    AND    ELEOTBO  -  B YK AIQO 

F0BGE8. 

It  may  be  objected  that  we  have  made  use  in  our  lectures  of  the  principle 
of  the  impossibility  of  perpetual  motion  as  an  absolute  truth.  It  may  be  said 
that  we  apparently  forget  that  there  are  natural  forces,  such  as  electro-mag- 
netic and  electro-dynamic,  which  do  not  depend  alone  upon  mass  and  distance  ; 
that  there  are  forces  with  whose  help  therefore  we  can  cause  in  certain  cases 
rotary  motion,  the  velocity  of  which  may  be  indefinitely  accelerated.  We  had 
the  intention  of  noticing  this  objection  in  the  second  lecture,  when  speaking  of 
the  electro-magnetic  engine ;  but  it  appeared  better,  on  consideration,  to  reserve 
it  for  a  note. 

Let  us  consider  first  the  electro-magnetic  forces.  Experiment  shows  that 
magnets  act  upon  currents,  and  inyerselv.  All  the  effects  of  these  actions  can 
be  referred  to  a  system  of  forces  which  affect  the  different  elements  of  the 
current,  which  depend  not  only  upon  the  distances,  but  also  upon  certain  angles, 
and  which  do  not  act  in  the  straight  lines  connecting  the  current  elements  and 
the  magnetic  centers. 

For  a  closed  cirouit  of  invariable  form,  this  sjrstem  of  forces  can  be  replaced 
by  an  equivalent,  which  is  apparently  entirely  different  from  the  preceding, 
and  consists  of  forces  which  satisfy  the  ordinary  conditions  of  action  of  natural 
forces.  In  this  case,  the  difficulty  disappears  at  once  of  itself.  This  substitu- 
tion is  however  no  longer  possible  when  the  circuit  is  not  closed,  or  when,  in. 
other  words,  the  closed  conductors  traversed  by  the  current  conidst  of  sevend 
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independent  portioDB.  The  motion  of  each  of  these  parts  depends  solely  upon 
forces  which  act  upon  its  various  elements,  and  it  is  clear  that  this  motion,  under 
certain  circumstances,  is  one  of  rotation,  which,  without  the  influence  of  friction, 
resistance  of  the  air,  and  similar  resistances,  would  be  infinitely  accelerated. 

Ampere  has  repeatedly  declared  that  here  is  an  actual  exception  to  the 
general  laws  of  mechanics.  There  is  no  treatise  or  presentation  of  anv  com- 
pleteness, upon  electro-magnetism,  in  which  this  is  not  illustrated.  There  is 
even  no  elementary  presentation  in  which  the  fact  of  indefinitely  accelerated 
rotation  is  not  in  yarious  ways  experimentally  shown.  But  error  is  committed, 
and  any  presentation  must  be  very  imperfect,  if  anything  real  is  seen  in  this 
apparent  exception.  We  will  consider  one  of  the  simplest  experiments  of  this 
cnaracter,  which  is  to  be  found  in  all  regular  courses  in  Pnysics.  A  small 
rectilinear  horizontal  current  turns  about  a  vertical  axis  through  one  of  its 
endSy  under  the  action  of  a  vertical  magnet,  situated  in  the  prolongation  of  the 


It  requires  but  little  attention  to  recognize  that,  at  the  end  of  each  revolu- 
tion, the  velocity  is  somewhat  greater  than  at  first,  at  least  as  long  as,  under 
the  influence  of  the  resistances,  the  maximum  is  not  attained.  Perpetual 
motion  seems  therefore  attained,  since,  at  the  end  and  at  the  beginning  of  each 
revolution,  the  position  of  the  current  and  the  magnet  is  the  same.  But  does 
this  coincidence  of  position  include  the  condition  that  nothing  is  changed  in 
the  total  system  of  mutually  interacting  bodies  Y  This  system  consists  not  only 
of  the  current  and  the  movable  magnet,  but  also  of  the  batterv  which  sets  the 
electric  current  in  motion,  and  the  conductors  which  unite  the  battery  with  the 
two  ends  of  the  movable  current  We  will  not  speak  of  the  special  pnenomena 
which  occur  at  the  point  of  contact  of  movable  and  immovable  parts.  The 
battery  is  the  seat  of  incessant  transformation  of  chemical  actions.  Is  it  there- 
fore strange  that  such  transformation  should  cause  a  continuous  increase  of  the 
Telocity  of  rotation  of  a  movable  wire  ?  The  actual  mechanism  by  which  the 
phenomena  are  caused  is  unknown,  but  nothing  necessitates  us  to  admit  that 
the  action  of  the  real  elementary  forces  does  not  follow  the  general  laws  of 
action  of  natural  forces.  The  assumed  elementary  forces,  to  which  we  are 
necessarily  led  when  we  limit  our  consideration  to  the  magnet  and  movable 
current,  are  functions  of  the  angle,  and  perpendicular  to  the  plane  of  the  mag- 
net and  current.  These  forces  are  not  in  the  least  analogous  to  the  elemental 
forces  which  govern  the  motions  of  the  stars  or  the  fau  of  bodies.  They  are 
pure  mathematical  symbols,  which  represent  not  the  reality,  but  only  the  last 
stages  to  which,  thus  far,  analysis  of  the  phenomena  has  led  us.  We  can  sav 
the  same  of  the  electro-dynamic  forces,  and  of  the  famous  formula  by  whicn 
Ampere  has  represented  what  he  calls  the  opposite  action  of  two  current  ele- 
ments. This  formula  is  an  experimental  law,  which,  in  its  unlimited  fruitf ul- 
ness,  indeed,  exhausts  every  possible  variation  of  the  phenomena ;  but  which 
possesses  no  reality  outside  of  the  circle  of  phenomena  for  which  it  forms  the 

Sneral  bond.  If,  for  example,  it  were  possible  to  place  two  current  elements, 
lependently  of  any  voltaic  circuit,  in  the  same  physical  condition  as  when 
they  form  an  actual  part  of  such  a  circuit,  it  proves  nothing,  that,  in  accord- 
ance with  Ampere's  laws,  they  must  approach  or  recede  from  each  other.  All 
that  we  can  assert  is  that  these  laws  represent  the  phenomena  in  all  cases  open 
to  experiment.  We  can  see  in  them  only  the  translation  of  the  secret  mechan- 
ism by  which  the  phenomena  are  produced,  and  nothing  prevents  the  admis- 
non  Uiat  the  actual  forces  involved  in  such  mechanism  are  simple  functions 
of  the  distances,  and  act  in  the  line  connecting  anv  two  mutually  acting  points. 
This  was,  moreover.  Ampere's  own  view  of  his  discoveries.  If  he  seldom 
referred  to  it,  even  sometimes  apparently  rejected  it  for  the  opposite,  it  was 
onlv  not  to  offend  the  scientific  views  of  his  contemporaries,  who  without  it  had 
difficulty  enough  to  appreciate  his  experiments,  ana  who  wocdd  have  rejected 
his  hypotheses  without  proof.  But,  in  the  remarks  which  he  has  added  to  the 
presentation  of  his  theory  (read  at  the  official  session  of  the  Academy,  April  8, 
2822),  he  has  expressed  himself  in  a  manner  which  allows  no  doubt  as  to  his 
eonvicticms. 

"  I  remarked,"  he  says,  "  1.  That  the  attractions  and  repulsions,  whose 

6 
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existence  between  portions  of  the  eondacting  wires  I  had  recognised,  eonld  not 
arise  in  the  same  way  as  that  of  ordinair  electricity,  by  reason  of  unequal  dis- 
tribution of  the  two  fluids  which  mutually  attract  each  other,  and  every  part  of 
which,  of  the  same  kind,  is  repelled,  since  all  the  hitherto  known  properties  of 
the  conducting  wires  show  that  neither  the  one  nor  the  other  of  the  two  fluids 
occurs  in  larger  quantities,  in  a  body  which  serves  as  conductor  of  an  electrical 
current,  than  when  the  same  bodies  are  in  their  natural  condition.* 

"  2.  I  remarked  that  it  is  difficult  not  to  conclude,  therefore,  that  these  attrac- 
tions and  repulsions  are  caused  by  the  extremely  rapid  motion  of  the  two  elec- 
tric fluids  wnich  traverse  the  conductor,  by  reason  of  almost  instantaneous  de- 
composition and  composition  in  opposite  directions  ;  a  motion  assumed  by  all 
physicists  since  Volta,  and  which  tne  theorv  given  by  this  renowned  savant  of 
the  admirable  Instruments  constructed  by  him,  substantiates. 

"3.  If  we  ascribe  the  attractions  and  repulsions  of  the  conducting  wires  to 
this  cause,  we  cannot  avoid,  if  we  explain  the  ordinary  electrical  phenomena  in 
the  customary  manner,  admitting,  further,  that  the  motions  of  the  two  electrici- 
ties in  the  wires  are  propagated  in  every  direction  in  the  neutral  fluid  formed 
by  this  union,  with  which,  necessarily,  all  space  must  be  filled  ;  so  that  when 
the  motions  thus  arising  in  the  surrounding  medium,  caused  by  two  small 
current  portions,  mutually  coincide,  there  is  a  tendency  to  approach,  which  is, 
in  fact,  the  case  when  we  observe  attraction ;  and  that  when  tne  two  motions  are 
opiMsed,  the  two  current  portions  tend  to  repel  each  other,  aS  experiment  also 
snows. 

"4  If  we  consider  these  attractions  and  repulsions  as  actually  caused  by  these 
reasons,  the  law  that  a  small  portion  of  the  electric  current  can  be  replaced  by 
two  others,  which  stand  to  it  in  the  same  relation  as  two  forces  to  their  result- 
ant/ is  a  necessary  consequence  of  this  assumption ;  since  velocities  are  com- 
posed like  forces,  and  since  the  motion  which  the  small  portion  of  a  current, 
represented  In  intensity  and  direction  bv  the  resultant,  imparts  to  the  fluid 
which  fills  space,  is  necessarilv  equal  to  that  which  is  caused  in  the  same  fluid 
by  the  union  of  the  two  small  current  portions  which,  in  similar  manner,  are 
represented  by  the  two  components. 

*'  At  the  time  when  I  was  occupied  by  these  ideas,  Fresnel  communicated 
to  me  his  elegant  researches  upon  light,  from  which  he  deduced  the  laws  which 
determine  alfthe  conditions  of  optical  phenomena. 

"  I  was  surprised  at  the  agreement  between  his  views  and  those  to  which 
I  had  been  led  oy  the  consideration  of  electro-dynamic  attractions  and  repul- 
sions. 

'*  He  showed,  from  the  accordance  of  these  phenomena,  that  the  ethereal 
fluid  of  space,  which  cannot  be  regarded  as  the  result  of  the  union  of  the  two 
electricities,  must  be  nearly  incompressible,  and  must  permeate  all  bodies,  as 
gas  flows  through  a  net,  and  that  the  motions  caused  in  this  fluid  must  be  prop- 
agated bv  a  kind  of  friction,  which  enables  the  moving  layers  to  set  in  motion 
others.  &ence  it  was  natural  to  suppose  that  the  flowing  electric  current  in  a 
conducting  wire  caused  the  surrounding  neutral  fluid  to  take  part  in  its  motion, 
and  in  part  rubbed  on  it,  so  that  a  reaction  of  this  fluid  on  the  current  was 
caused.  This  reaction  can  cause  no  tendency  to  a  displacement  of  the  wire,  so 
long  as  the  difference  of  velocities  on  all  sides  of  the  wire  is  the  same.  There 
will  be,  however,  a  tendency  io  move  the  wire  as  soon  as  a  second  current  ex- 
ists, and,  indeed,  either  toward  the  side  on  which  this  difference  of  velocity, 
and  hence  of  reaction,  is  less — that  is,  the  side  upon  which  another  electric  cur- 
rent tends  to  move  the  fluid  in  the  same  direction— or  toward  the  opposite  side, 
upon  which  this  difference  is  greater,  l)ecause  there  another  electric  current 
exists  which  tends  to  move  the  fluid  in  the  opposite  direction,  according  as  the 
two  mutually  acting  currents  flow  in  the  same,  or  in  opposite  directions. 

**  These  views  certainly  make  clear  the  attraction  between  similarly  flowing, 

*  We  know  now  that  free  electricity  existti  npon  the  rarfioe  of  condnctors  throngh  which  a 
current  flows.  The  distribution  of  this  electricity  in,  however,  nuch  that  it  has  no  influence  upon 
the  electro-dTnamic  phenomena.  Moreover,  by  the  composition  of  forces,  which  are  only  func- 
tions of  the  distances,  we  could  never  obtam  resultants  which  are  functions  of  the  angles. 
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and  tbe  repulsion  between  oppositely  flowing  currents,  in  accordance  with  ex- 
periment ;  but  I  liave  not  for^tten  tbe  fact  that,  as  it  is  not  possible  to  calcu- 
late all  tbe  effects  of  the  motion  of  fluids,  thej  are  too  general  to  serve  as  the 
foundation  for  a  law  whose  correctness  can  be  confirmed  bjr  direct  and  exact 
experiment.  This  is  the  reason  why  I  have  confined  myself  to  representing  it 
simplj  as  a  fact  based  upon  observation." 

Thus  far  Ampere.  It  is  interesting  to  see  how  the  renowned  author  of  the 
"  Th^rie  des  pbenomenes  electrodynamiques  "  recognized  back  of  the  problem 
solved  by  him,  another  still  deeper  and  more  difficult,  the  solution  of  which  he 
left  to  the  future.* 


NOTE  25.— (Page  46.) 

ELECTBOLYTXC  COMTECTION. 

When  a  current  is  made  to  perform  decomposition  of  water,  the  chemical 
heat-equivalent  of  the  decomposition  must  be  abstracted  from  the  heat-equiv- 
alent of  the  electrolytic  process  in  the  galvanic  battery.  Since,  now,  for  the 
decomposition  of  one  equivalent  of  metal  in  each  element  of  the  battery,  one 
equiTaJent  of  water  is  decomposed  in  the  voltameter,  a  decomposition  of  water 
can  only  occur  when  the  electrolytic  processes  in  the  batteiy  develop  more  heat 
than  can  be  generated  by  the  reunion  of  the  oxyhydrogen  gas  developed  in  the 
▼oltameter.  About  1}  Daniel Ps  cells  are  necessary  to  give  continuous  decom- 
position of  water,  f 

With  a  single  baniell  cell,  therefore,  no  decomposition  of  water  is  possible. 

The  conditions  are  essentially  different  when  both  electrodes  and  tne  liquid 
of  the  voltameter  are  completely  saturated  with  hydrogen  or  with  oxygen. 

There  is  then  a  transmission  of  electricity  from  one  electrode  to  another, 
either  through  a  non-electrolytic  conduction  of  the  water,  or  through  a  process 
which  Helmboltx  calls  electrol  vtic  convection.  This  peculiar  process  consists  in 
the  fact  that,  under  such  conditions,  an  electrolvtic  decomposition  of  the  water 
and  a  separation  of  hydrogen  and  oxygen  can  take  place,  if  thus,  for  example, 
the  voltameter  is  completely  saturated  with  hydrogen,  the  oxygen  combines  im- 
mediately, upon  its  generation,  with  the  condensed  hydrogen  upon  the  surface 
of  the  platinum.  Then  the  negative  work  of  the  water  decomposition  is  com- 
pensated by  the  positive  work  of  the  water  formation  on  the  one  electrode.  In 
this  case  the  water  decomposition  is  connected  with  no  essential  consumption 
of  heat.  The  condition  of  such  a  process  is,  therefore,  that  on  one  electrode 
more,  and  upon  the  other  correspondingly  less,  hydrogen  occurs.     The  entire 

Eroeess  is  thus  limited  to  a  different  distribution  of  ue  gas  contained  in  the 
quid. 

Thus  Helmholts  found  that  a  current,  which  was  able  to  decompose  in  24 
hours  60  milligrams  of  silver,  could  pass  for  a  day,  without  diminution  of  its 
strength,  through  such  a  voltameter  saturated  with  hydrogen,  without  causing 
more  than  a  just  appreciable  polarization. 

Especially  under  very  low  pressure,  for  more  rapid  development  of  hydrogen, 
the  hvdrogen  separated  in  gaseous  state. 

With  such  a  yoltameter.  the  pair  of  platinum  plates  being  laden  vnth  hydro- 
gen cas,  a  development  of  hydrogen  mav  be  caused  by  one  Daniell's  cell. 

Thisphenomenon  was  earlier  noticea  by  Poggendorff.  It  finds  its  explana- 
tion in  Helmboltx's  experiments,  and  does  not  stand,  as  we  see,  in  contradiction 
to  tbe  principle  of  equivalence. 

*  Tbeeompletc  aolntlon  of  the  problem  has  been  essayed,  In  recent  times,  bv  Helmholtx  In  his 
paper  "UeberdieBewegnnfrsglelcnnDScnder  Electrlcitaet  f&r  mhende,  leltende  KOrper,"  CrelPs 
Joaiml,  Tol.  Uxi.,  p.  57,  and  by  Carl  Neumann,  in  his  work  "  Theorie  der  elektrischen  Erflfte," 

ma. 

t  Thomson— On  tbe  Mechanical  Theory  of  Electrolysis,  Phil.  Mag.,  1861.  He  gives  the  qnan- 
ttCy  at  \ZI»  DanleU  ceUs. 
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NOTE  26.— (Page  46.) 

UPOK  THB  POLARIZATION  OF  THE  ELECTRODES. 

We  may,  by  the  aid  of  the  same  mechanical  consideration,  deduce  the  neces- 
sity of  another  phenomenon,  viz. ,  that  of  the  polarization  of  the  electrodes. 

When  the  circuit  is  completely  metallic  and  remains  immovable,  the  heat 
developed  in  a  given  time  represents  the  total  work  of  the  chemical  forces. 
When  the  circuit  also  contains  a  compound  liquid,  the  heat  developed  in  the 
cells  by  the  same  amount  of  chemical  action  must  be  less,  since  it  represents 
only  the  excess  of  the  positive  work  in  the  voltaic  cells  over  the  negative  work 
in  the  decomposing  apparatus.  It  is,  therefore,  necessary  that  this  heat  shall 
be  less  than  that  which  is  obtained  when  the  liquid  is  replaced  by  a  metallic 
conductor  of  the  same  resistance.  This  can,  however,  only  be  the  case  when 
the  liquid  changes  the  current  intensity  in  some  other  manner  than  by  the  intro- 
duction of  its  resistance.  • 

Since,  now,  we  know  that  there  are  no  means  of  diminishing  the  inten- 
sity of  a  current  other  than  increasing  the  resistance  of  the  conductor,  or  dimin- 
ishing the  electro-motive  force,  we  see  that  the  introduction  of  such  a  liquid 
must  nave,  as  an  immediate  and  necessary  consequence,  a  diminution  of  the 
total  electro-motive  force;  that  is,  the  development  of  an  electro-motive 
counter-force. 

Upon  this  rests  directly  the  polarization  of  the  electrodes.  In  consequence 
of  this  polarization,  the  current  of  a  single  cell  of  the  ordinaiy  batterv  reduces, 
by  the  introduction  of  a  voltameter  with  acid  water,  to  zero,  and  hence  the 
decomposition  of  water  under  these  circumstances  is  impossible.  When  the 
liquid,  during  its  decomposition  by  the  action  of  one  of  the  chemical  elements 
originated  by  the  decomposition,  is  again  formed  upon  the  corresponding  elec- 
trode, the  work  of  the  chemical  forces  is  actually  zero,  and  we  know  that  then 
no  polarization  can  occur. 

NOTE  27.— (Page  46.) 

THE  DE00HP08ITI0K  OF  ZTS^O  IK  DILUTE  AOIDS. 

It  has  been  long  observed  that  when  commercial  zinc  is  dissolved  in  add 
water,  the  generation  of  hydrogen  does  not  take  place  at  all  points  of  the 
metal,  but  at  certain  special  points,  which  appear  thus  to  be  different  from  the 
others. 

De  la  Rive  has  observed  that  these  points  are  fewer  with  distilled  zinc,  and 
that  the  development  of  hydrogen  takes  place  more  slowly  than  for  ordinary 
zinc.  Finally,  Almeida  has  found,  after  he  had  succeeded  in  producing  per- 
fectly pure  zinc  by  galvanic  process,  that  this  metal  resisted  perfectly  the 
action  of  dilute  sulphuric  acid.  In  both  cases  the  pure  zinc  assumed  the  prop- 
erties of  the  ordinary  metal  when  some  other  metal  was  added,  so  that  the 
acid  came  in  contact  with  a  surface  not  homogeneous  in  character. 


NOTE  28.— (Page  47.) 

UPON"  THE  APPLICATIOIS"  OF  THE  MEAStJREMEKT  OF  ELECTRO-HOTIYB 
FORGES  TO  THERMO-OHEHICAL  IKYESTIGATIOKS. 

In  the  first  part  of  Note  22  we  have  said  that  the  heat  developed  in  a  given 
time  by  a  current  in  its  total  circuit,  is  proportional  to  the  product  of  the  inten- 
sity and  the  sum  of  the  electro-motive  forces.    If  we  consider  different  dr- 
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eidts,  each  of  which  conmsis  only  of  a  single  pair  and  metallic  conductors,  the 
amomita  of  heat  developed  in  a  unit  of  time  in  these  different  circuits  are  to 
each  other  as  the  products  of  the  intensity  and  electro-motive  forces  of  each 
pair.  Since,  however,  the  intensity  is  proportional  to  the  number  (whole  or 
fractional)  of  metal  equivalents  decomposed,  it  follows  that  the  heat  developed 
bv  the  decomposition  of  one  equivalent  of  metal  in  the  different  elements,  is 
directly  as  tbe  electro-motive  force  itself.  We  can,  therefore,  replace  calori- 
metric  measurements  by  measurements  of  the  electro-motive  forces,  provided 
that  we  know  in  a  few  cases,  by  direct  experiment,  for  a  certain  amount  of 
heat  developed,  the  corresponding  electro-motive  force. 

The  practical  advantage  of  this  method  is  apparent,  but  its  application 
involves  some  difficulties.  In  all  those  cases  in  which  the  chemical  action 
which  causes  the  current  is  accompanied  by  a  development  of  gas,  the  electro- 
motive force  varies  with  the  intenaty  of  the  current.  But,  by  local  heat  phe- 
nomena occurring  at  those  points  at  which  the  gas  is  generated,  the  case  may 
happen  that  the  total  heat  production  is  constant.  We  cannot  therefore  speak, 
without  specifying  further,  of  any  proportionality  between  the  two  quantities. 
Many  observations  made  with  care  and  skill,  because  no  account  was  taken  of 
theae  dTcumatancee,  have  lost  the  greater  part  of  their  value. 


NOTE  29.— (Page  48.) 

THE  IKVLUEJTCE  OF  THE  FBICTIOK  OF  THE  BLOOD  TTFOIT  THE 

AKIHAL  HEAT. 

These  views  hold  good  in  spite  of  the  interior  motions  in  organisms,  and  in 
spite  of  the  resistances  which  these  encounter.  There  is  no  reason  for  taking 
account  of  that  part  of  these  resistances  due  to  the  action  of  the  outer  forces — 
— ^»,  for  example,  gravity — so  long  as  there  is  no  displacement  of  the  center  of 
gravis  of  a  body.  The  interior  circulation  of  fluios,  the  movements  of  the 
muscles  resulting,  the  elastic  reaotioojB  of  the  vessels,  cannot  give  zise  to  any 
work  of  gravity. 

As  to  the  inner  resistances,  these  are  the  frictions  which  must  develop  just 
as  much  heat  as  the  muscular  force,  which  maintains  the  motion  of  the  liquids 
In  spite  of  friction,  consumes.  We  see  then  how  useless  is  the  investigation 
of  toe  influence  of  the  friction  of  the  blood  in  the  vessels  upon  the  heat  of 
anim&Is,  which  some  physiologists  have  made.  In  order  to  overcome  this  fric- 
tion, the  action  of  the  heart  fo  necessary.  In  order  to  maintain  this  action,  a 
portion  of  the  heat  furnished  by  the  interior  combustion  in  the  orffanism  is 
necessary.  This  loss  of  heat  is,  however,  completely  replaced  by  the  neat  gen- 
erated by  the  friction  of  the  blood  in  the  total  circulatory  system.  There  is 
thus  only  another  distribution  of  the  heat,  while  its  total  amount  remains 
unchanged. 

8o  long  as  the  animal  remains  at  rest,  we  are  perfectly  justified  in  compar- 
ing thia  total  heat  quantity  with  the  sum  of  tiie  chemicid  actions  arising  from 
leqiiimtion.* 

NOTE  80,— (Page  49.) 

UPOV  TSGETATIOK  WHICH  IS  CABEIED  0^  WITHOUT  THE  DiiTLUEKCE 

OF  LIQHT. 

When  the  influence  of  light  is  withdrawn  from  the  higher  plants,  two  cases 
any  occur  :  either  they  may  act  like  inanimate  bodies,  absorbing  oxygen  from 

*  Bee  Him,  RemarqneBsiirle  rOIer6e1  que  Jone  leftottementdesmnscles  dans  lephfoomdne 
de  la  calorlilcaUoii  das  6tres  vivants  ^  wuut  chand  oa  i  sang  iTold.   Ooamoe,  180,  vol.  zzL, 
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the  air  and  allowing  the  water  and  earhonic  acid  in  the  soil  to  filter  throngli 
their  organism,  then  bleaching,  and  if  often  increasing  in  their  dimensions, 
still  the  proportion  of  combastible  substances  seeming  rather  to  diminish  than 
to  increase ;  or  a  part  of  their  tissaes  is  destroyed  by  more  or  less  rapid  oxida- 
tion, and  experiences  far-reaching  changes,  which  nevertheless  do  not  require 
the  action  of  any  outer  forces ;  these  can  be  regarded  as  oxidations  brooght 
about  by  the  natural  activity  of  the  affinities,  as,  for  example,  in  the  germina- 
tion of  seed. 

The  question  now  arises  whether  the  same  is  true  of  the  lower  plants,  whose 
life  is  almost  entirely  independent  of  the  influence  of  light,  or  if  not,  in  what 
way  is  this  influence  replaced,  and  how  is  it  possible  that  they  grow,  and  that 
their  vegetation  is  accompanied  by  a  negative  work  of  the  affinities. 

In  its  present  state,  experimental  physiology  gives  no  reliable  answer  to 
these  questions.  In  order  to  answer  them,  we  must  first  have  exact  compara- 
tive analyses  of  lower  plants  which  have  completed  their  development,  and  we 
must  investigate  chemically  the  materials  by  the  use  of  which  they  have  de- 
veloped. In  most  cases  these  materials  are  decomposing  organic  bodies,  and  it 
is  possible  that  the  simple  elements  composing  every  organism,  such  as  carbon, 
hydrogen,  oxygen,  nitrogen,  occur  in  these  in  the  same  proportions  as  in  the 
plants  themselves,  but  in  a  different  grouping. 

The  vegetable  life  can,  therefore,  only  be  a  series  of  equivalent  transforma- 
tions, which  demand  no  expenditure  of  work  furnished  by  outer  forces. 

If,  on  the  other  hand,  experiment  shows  that  in  the  tissues  of  the  lower 
plants,  without  any  action  of  light,  carbon  and  hydrogen  exist  in  relatively 
higher  proportions  than  in  the  organic  substances  upon  which  they  live,  we 
may,  it  seems  to  me,  account  for  it  somewhat  as  follows.  Almost  always  dur- 
ing the  development  of  such  plants,  the  organic  bodies  which  serve  as  nourish- 
ment are  decomposed,  and  pass  gnuiuall^f  into  a  condition  in  which  they  tend 
to  follow  the  natural  activity  of  the  affinities.  There  is  thus  evidently  a  posi- 
tive work  of  the  affinities,  and  hence  a  production  of  heat.  Is  it  not  possible 
that  a  part  of  this  heat  is  made  use  of  by  the  plant  itself,  and  causes  phenom- 
ena which  correspond  to  a  negative  work  of  the  affinities  ?  In  this  way  the 
action  of  the  sun's  rays  may  be  replaced.  It  seems  as  if  an  observation  of 
Pasteur  gave  a  certain  probability  to  this  view.  Pasteur  has  shown  that  the 
formation  of  acid  in  alcohol  is  brought  about  by  the  oxygen,  which  the  count- 
less organisms  living  upon  the  surface  of  the  liquid  condense.  When  these 
plants  are  not  present,  the  oxygen  of  the  air  is  not  capable  of  oxidizing  the 
alcohol ;  when  the  oxygen  is  abisent,  these  plants  cannot  live. 

The  oxidation  does  not  appear  to  proceed,  however,  from  any  special  activity 
of  the  plants,  but  seems  only  to  depend  upon  their  presence  and  the  property 
which  thev  possess  in  a  considerable  degree  of  condensing  gases  upon  the 
surface,  it  is  not  therefore  reasoning  in  a  circle,  when  we  assume  that  the 
oxidation  of  the  alcohol  is  a  necessary  condition  for  the  acid-forming  vegeta- 
tion. It  would  even  be  quite  natural  to  suppose  that  the  heat  develops  by 
this  oxidation,  and  which  is  so  considerable  tnat  no  thermometer  is  required  to 
detect  it,  is  in  part  made  use  of  for  the  production  of  such  phenomena  of  vege- 
table life,  whicli  are  opposed  to  the  tendency  of  the  affinities. 

In  the  life  processes  of  the  barm  fungus  there  seems  something  similar. 
The  sugar  is  decomposed  during  the  fermentation  into  alcohol  and  carTOnicacid. 
The  alcohol  possesses  a  considerably  less  heat  of  combustion  than  the  quantity 
of  sugar  which  is  necessary  for  its  formation.  There  is,  therefore,  work  or 
living  force  performed  in  this  decomposition.  A  part  of  this  living  force  is 
applied  in  calling  forth  the  chemical  processes  which  are  involved  in  the  forma- 
tion of  the  cells  of  the  fungus.  Anotner  part  is  directly  transformed  into  heat. 
On  the  one  side  we  have,  during  fermentation,  a  process  which  corresponds  to 
the  natural  tendency  of  the  affinities ;  on  the  other,  the  satisfaction  of  the 
chemical  force  of  attraction  is  the  source  of  the  positive  work,  upon  which  the 
fun|nas  draws  in  order  to  form  new  cells,  or  peribrm  negative  work. 

We  see,  therefore,  that  by  fermentation,  likewise,  cells  are  formed,  plant 
organisms  increase,  and  not  inconsiderable  quantities  of  heat  are  developed 
without  any  outer  force,  such  as  light,  as  the  cause.* 

*  See  A.  Mayer,  Fogg*  Ann.,  vol.  cxHf,  p.  806. 
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NOTE  31.— (Page  49.) 


As  long  as  the  mUoq  of  the  bud'h  rajs  upon  plaots  was  not  recognlMd  aa 
the  eanae  of  those  processes  wbl eh  coatlnualljgoon  in  the  growth  of  vegetatloD, 
It  must  have  seemed  very  pozzliug  from  whence  the  enormoos  amounts  of  liv- 
ing force  ooald  originate,  which  are  accnmulated  ready  for  work,  iu  plants. 
Now  we  know  that  these  processes,  which  are  opposed  to  the  nataral  tendency 
of  the  chemical  affinities  (with  very  few  eicepuona,  noticed  in  Note  80)  take 
place  odIt  under  tbe  action  of  tight,  and,  indeed,  of  light  upon  tboee  puts  of 
plants  which  contain  chlorophyll. 


ST. 


hy  the  action  of  light  in  those  cells  containing  chlorophyll,  and  the  super, 
oxygen  is  glvi 


The  o^gen  developed  by  the  plant  may  serve  as  a  measnre  of  the  decom- 
poaltioD,  if  T(  is  really,  as  is  generally  assamed,  completely,  or  under  various 
drcamstanees  in  equal  degree,  separated  by  the  respiratory  organs  of  the 
plant 

Since  this  decomposition  of  the  carbonic  acid  takes  piece  only  in  the  cells 
eoDtainlng  chlorophyll,  and  In  these  only  nnder  the  action  of  light,  it  Is  sug- 
gestive to  investigate  the  optical  character  of  this  coloring  m-"'-- 


L  plant  of  its  chlorophyll  by  treatment  with  water,  alcohol, 

'3  the  speolromof  thelight  t  '■  '  

.itappe 
or  lese  completely  absorbed. 


or  ether,  and  examine  the  speolrom  of  the  light  wblch  passes  through  a  fi 
omtcentrated  aolulloa,  it  appears  that  different  parts  of  the  sun's  light  are  n 


The  extreme  red  remains  completely  nnchimged,*  bat  immediately  behind 
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Fraunhofer'8  line  B,  Fig.  7,  we  have  a  black  abBorption  strip  which  Haflenbaeh 
denotes  hj  I,  This  strip  is  pretty  sharply  defined,  and  extends  beyond  line  G, 
Alx)ut  at  its  middle  there  is  a  liffht  portion.  A  second  absorption  strip  {U  of 
Ha^enbach)  occars  nearly  in  the  middle  between  C  and  D  ;  a  third  (III),  a 
little  behind  D  ;  a  fourth  {IV),  in  the  green,  just  before  E.  These  strips  are, 
however,  much  less  dark  than  the  first  in  the  red. 

From  the  middle,  between  F  and  G,  on,  almost  the  rest  of  the  entire  spec- 
trum  is  uniformly  absorbed.  The  Figure  shows  the  absorption  spectrum  of 
chlorophyll,  and  indicates  the  position  of  Fraunhofer's  lines. 

We  see  from  the  Figure  that  the  yellow  red  rays,  certain  parts  of  the  yellow, 
and,  in  less  degree,  the  green  and  the  indigo  blue  and  violet  portions  of  the 
spectrum,  are  almost  completely  cat  off  by  the  chlorophyll. 

The  absorption  spectrum  of  the  solid  chlorophyll,  as  found  in  the  leaf,  agrees 
in  number  and  arrangement  of  the  strips  with  that  of  the  solution,*  and  that 
of  the  leaves  of  living  plants  does  not  deviate. 

Slight  differences  in  the  absorption  phenomena  in  actual  leaf  organs  and  ia 
solutions,  are  explained,  as  Melde  suspected  and  Qerland  has  proved,  by  the 
diminution  of  the  light  by  the  other  contents  of  the  cells  and  the  tissues  of  the 
leaves. 

Only  the  ab%Drbed  rays  can  cause  the  processes  of  decomposition  and  assim- 
ilation in  plants,  and  those  rays  not  absorbed  are  of  comparatively  indifferent 
effect. 

If  we  inquire  now  which  of  these  rays  has  the  greatest  effect  upon  ohemi- 
cal  processes,  we  must  evidently  se^  them  among  those  having  the  greatest 
mechanical  enercry. 

This  energy  has  no  connection  with  the  subjective  sensation  of  light  inten- 
sity, for  our  eyes  may  indeed  decide  whether  a  given  red  is  lighter  or  darker 
than  the  red  from  another  source,  but  they  cannot  compare  the  light  rays  of 
two  different  pure  colors  of  the  spectrum. 

The  best  measure  of  the  mechanical  energy  of  a  given  color  is,  as  Lommel 
has  remarked,  the  heat  effect,  when  we  assume  that  the  entire  energy  of 
a  ray  absorbed  by  a  soot-covered  thermopile  is  completely  transformea  into 
heat. 

If  this  is  the  case,  then  the  heat  curve  of  the  solar  spectrum  is  that  which 
expresses  the  energy  of  the  various  rays. 

The  heat  effect  of  the  violet  and  blue  rays  is  very  slight,  and  that  of  the  red 
and  ultra  red  very  large. 

In  the  Figure  the  curved  line  is  the  heat  curve  of  the  solar  spectrum. 

If  we  compare  it  with  the  absorption  spectrum  of  chlorophyll,  we  see  that 
the  yellow  rays  especially  must  furnish  the  energy  required  for  the  assimila- 
tion of  the  carbonic  acid,  for  these  are  the  most  completely  ab6orl)ed,  and  pos* 
sess  the  greatest  mechanical  energy. 

From  the  preceding  we  \!an  tell  beforehand  what  influence  the  different 
parts  of  the  spectrum — that  is,  the  color  of  the  acting  light— wiU  have  upon  the 
activity  of  the  chlorophyll. 

If  we  bring  green  plants  into  such  portions  of  the  solar  spectrum  f  as 
are  not  absorbed  by  the  chlorophyll,  there  can  be  no  decomposition  of  car- 
bonic acid.  If  we  allow  all  that  light  to  act,  corresponding  to  absorption 
strip  /,  there  is  a  very  active  decomposition  of  carbonic  acid  and  development 
of  oxvgen. 

The  activity  of  assimilation  must  then  be  little  less  than  one-half  of  that 
for  free  exposure,  if  parts  of  the  ultra  red  portion  of  the  spectrum  are  also 
absorbed  by  chlorophyll. 

The  amount  of  heat  obtained  by  the  absorption  of  strip  lis  about  equal  to 


*  Lommel  (Pocg.  Ann.  vol.  cxllll.,  p.  679)  is  indeed  not  entirely  of  this  opinion,  bnt  Geii&Dd> 
objections  (Posg.  Ann.  vol .  cxllll. ,  p.  806)  to  Lommers  vIcmts  appear  to  me  well  taken.  Also,  we 
fliHl  here,  that  J.  MftUer^s  doabt,  whether  the  spectram  of  ereen  leaves  agrees  with  that  of  chloro- 
phyll, rests  only  npon  observations  made  under  nnfavoraoie  conditions. 

t  In  order  to  obtain  snfflcient  intensli  v,  a  concave  mirror  mnst  be  used  instead  of  the  plane 
anirror  of  the  heliostat,  and  care  must  be  taken,  by  the  nse  of  rodkHJaltprianu  and  lenflea.  that  as 
Uttle  heat  as  possible  may  be  absorbed  by  the  appatatna. 
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tbe  toM  beat  obtained  bj  tbe  absorption  of  tbe  entire  portion  of  tbe  spectmm 
from  between  J^and  O. 

Smaller  maxima  of  carbonic  acid  decomposition  mast  occur  wben  tbe  plant 
Is  brooffbt  into  strips  U,  III,  IV. 

In  Uiat  part  of  tbe  spectmm  from  between  F  and  Q  on,  tbere  will  be 
feeble  decomposition. 

If »  bj  suitable  means,  we  separated  all  tbe  colors  from  between  F  and  O 
to  the  red  end  of  tbe  spectrum,  and  allow  the  others  to  act  upon  tbe  plant, 
the  assimilation,  assuming  that  the  ultra  red  rays  are  of  no  effect,  will  be  only 
half  as  great  as  for  free  exposure. 

These  assumptions,  deduced  from  a  comparison  of  the  absorption  spectrum 
of  chlorophyll  with  the  heat  spectrum  of  the  sun,  are  confirmed  by  experiment. 

Draper  has  found  the  carbonic  add  decomposition  greatest  in  toe  yellow 
red  of  the  actual  spectrum,  and  his  result  has  been  confirmed  later  by  the 
experiments  of  Sachs,  Priilieux,  A.  Mayer,  Pfeffer,  and  Baranetzky. 

Most  of  these  investigators  have  worked  with  colored  glasses  and  solutions, 
and  not  with  the  actual  spectrum,  and  their  results  therefore  cannot  be  at  once 
made  use  of. 

If  useful  results  are  expected  with  colored  glasses  and  solutions,  we  must 
not  only  determine,  as  was  done  bv  Sachs,  the  absorption  spectrum  of  the  glass 
or  solution,  but  also,  by  special  photometric  measurements,  what  portions  of 
the  parts  of  the  spectrum  absorbed  by  the  chlorophyll  are  still  effective  in  the 
spectrum  of  the  glass  or  solution. 

When  this  is  done,  tbe  results  will  undoubtedl v  be  in  agreement  with  theory* 

Whether  by  the  fluorescent  properties  of  chlorophyll  any  change  will  be 
caused,  cannot  be  decided  without  further  information;  but  it  does  not,  in  view 
of  the  theoretical  investigations  of  Lommel,  appear  probable. 


NOTE  32.— (Page  61.) 

TIBWB  OP  XATEB  UPOK  THE  PHENOICEKOK  OF  THB  TIDES. 

It  may  not  be  superfluous  to  add  a  few  words  upon  an  interesting  astronomi- 
eal  anplication  of  the  theory,  the  first  sufcestion  of  which  is  due  to  Mayer. 

We  know  that,  by  reason  of  the  combined  action  of  the  sun  and  moon,  two 
waves  originate  at  opposite  points  upon  the  sea  and  traverse  the  earth,  caus- 
ing die  phenomenon  of  the  tide.  When  the  tidal  wave  meets  the  coast  and 
shores*  it  causes  currents  and  counter-currents,  which  cannot  exist  without 
friction  and  development  of  heat. 

We  have  thus  upon  the  surface  of  our  planet  a  generation  of  heat  But 
the  total  living  force  (energy)  of  the  planet  cannot  be  increased  by  the  mutual 
action  of  its  different  parts,  and  hence  this  apparent  creation  of  heat  can  only 
be  a  transformation  of  other  living  force  (kinetic  energy)  into  the  living  force 
of  beat  (caloric  energy). 

The  ebb  and  flow  of  the  tides  diminish,  therejore,  incessantly  the  livinff 
foree  (kinetic  energy)  of  the  earth.  Probablv,  both  the  velocity  of  rotation  and 
the  rectilinear  rotation  diminisb  together ;  that  is,  the  length  of  the  sidereal 
day  increases,  and  the  major  axis  of  Uie  earth's  orbit  diminishes. 

Similarly  to  the  tides  upon  the  surface  of  tbe  ocean,  Falb  *  has  assumed  a 
eorreepondiiig  tide  upon  the  surface  of  the  fluid  interior  of  the  earth,  and  de- 
duces from  u&ia  assumption  the  regular  return  of  earthquakes  and  volcanic 
eruptions. 

If  the  solid  earth  crust  and  the  fluid  interior  are  without  any  Intermediate 
space  between  them,  such  a  tide  could  not  form,  but  the  tendency  to  its  forma- 
tion would  be  indicated  by  an  increase  of  pressure  of  the  fluid  contents  against 

the  crust. 

• 

,  •  VUh,  Graadsflge  sn  eine  Theorie  der  Erdbeben  nnd  ynleanansbrttciie.    Qns,  IflTL 
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If,  however,  such  tides  actnally  occur  in  the  earth's  interior,  thej  can  caww 
effects  similar  to  those  of  the  tides  on  the  sorface. 

It  is,  indeed,  true  that  the  change  in  length  of  the  day,  and  the  diminution 
of  the  axis  of  the  earth's  orhit,  are  so  small  that  they  would  be  imperceptible 
even  in  the  course  of  centuries.*  Still,  from  a  theoretical  standpoint,  these 
conclusions  are  none  the  less  interesting. 

Such  tides  have  certainly  occurred  upon  the  fluid  masses  of  the  planets, 
while  they  were  still  in  a  fluid  condition. 

It  may  be  that  such  tides,  caused  by  the  action  of  the  earth  upon  the  moon, 
have  deprived  it  of  its  axial  rotation,  while  it  was  still  in  the  fluid  condition, 
and  this  may  be  the  reason  why  now  it  always  presents  to  us  the  same  side. 


NOTE  33.— (Page  54.) 

VPOK  A  BE3CABR  OF  SEOUIN  COKCEBNING  THE  STEAK  ENQIKE. 

In  order  to  prove  that  during  the  action  of  a  steam  engine  heat  is  neces- 
sarily used,  Segoiin  remarks  that  if  all  the  heat  taken  from  the  boiler  were 
found  in  the  condenser,  this  amount  of  heat  would  be  sufficient  to  repeat  the 
same  action  indefinitely,  provided  that  it  were  possible  to  concentrate  the  heat 
contained  in  the  condenser  water,  so  that  with  it  the  fifteenth  part  of  its  mass 
could  be  heated  to  100%  and  then  converted  into  saturated  steam  at  this  tem- 
perature ;  which  is  in  entire  agreement  with  theory. 

We  could  thus  obtain,  by  means  of  a  finite  amount  of  heat,  an  indefinite 
continuance  of  motion,  which  is  neither  probable  nor  in  accordance  with  sound 
logic. 

This  argument  is  not  completely  satisfactory,  because  the  concentration  of 
heat  assumed  by  Seguin  implies  an  equivalent  expenditure  of  work  or  heat 
According  to  this  argument,  a  body  must  be  brought  to  a  temperature  of  100' 
by  heat  taken  from  another  body  at  40*". 

We  have  seen  in  the  preceding  presentation  under  what  conditions  this  is 
possible. 


POSTSOBIFT  OP  VEBDET  TO  THE  KOTES,   JULY  16,   1868. 

While  in  press,  I  received  the  '' L'exposltion  analytique  et  exp^rimentale  de 
la  th&irie  mtoinique  de  la  chaleur,"  bV  Him,  forwarded  by  the  author  to  the 
Academy  at  the  session  of  July  7,  1862.  In  this  work  Him  recognizes  the 
error  of  his  earlier  conclusions,  and  gives  the  explanation  of  the  peculiar  re- 
sults furnished  by  his  experiments  upon  engines  without  expansion.  Our 
criticisms  upon  this  savant  (page  14)  are,  therefore,  rendered  inapplicable. 


NOTE  34.— (Page  64.) 

THE   DEPEKDEKGE    OF  THE    COLOR    OF    VENOUS    BLOOD   UFOK 

TEMPEBATIJBE. 

For  a  fuller  understanding,  it  may  be  well  to  add  some  information  as  to 
the  anatomical  and  physiological  relations  which  exist  in  the  higher  animal 
organisms. 


*  Mayer  eptimates  that  the  lenisth  of  the  day  would  be  increaaed  by  the  action  of  the  *m^» 
one-sixteenth  of  a  second  in  2,500  yean.  ^^ 
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The  blood-yessels  are  of  three  classes. 

1.  The  arteries,  which  carry  the  blood  from  the  heart  to  all  parts  of  the 
body. 

8.  The  veins,  which  carry  the  blood  back  again  to  the  heart. 

8.  The  capillaries,  which  nnite  the  extreme  branches  of  the  arteries  and 
the  veins. 

In  these  blood-vessels  the  blood  circnlates  incessantly,  so  long  as  life  exists. 
The  apparatus  which  caases  the  motion  of  the  blood  is  the  heart.  It  is  divided 
into  two  parts,  the  right  and  left,  by  an  impervious  partition.  Each  half 
consists  of  a  ventricle  and  auricle.  Each  ventricle  is  connected  by  valves 
with  its  anricle.  The  sides  of  the  heart,  especially  the  left,  are  formed  of 
powerful  muscles.  From  the  left  ventricle,  at  each  contraction  (systole),  a 
portion  of  the  bright  blood  in  it  is  forced  out  into  the  aorta,  and  thence  into 
all  the  other  arteries.  Since  the  arteries  are  already  filled  with  blood,  they 
are  expanded  by  the  entrance  of  the  new  blood.  When  the  pressure  from  the 
heart  ceases,  and  they  contract  (diastole),  valves  at  the  entrance  of  the  aorta 
prevent  the  return  of  blood  to  the  heart.  The  contraction  of  the  elastic  walls 
of  the  arteries  forces  the  blood  forward,  through  their  ramifications,  into  the 
capillaries,  and  from  these  into  the  veins.  The  blood  thus  proceeding  from  the 
heart  is  called  arterial,  and  is  charged  with  oxygen. 

In  the  capillaries,  which  permeate  all  the  tissues,  this  oxygen  combines 
with  the  carbon  and  hydrogen  of  the  food.  The  heat  generated  by  this  and 
oilher  chemical  processes  is  one  source  of  the  animal  heat  of  liviag  organisms. 

Bv  this  combustion  carbonic  acid  is  formed,  which  is  held  in  solution  in  the 
blood,  and  gives  it  a  dark  color. 

The  da&  colored  blood,  thus  deprived  of  its  oxygen  and  permeated  with 
carbonic  acid,  is  called  venous  blood.  The  veins  carry  this  blood,  and  with  it 
many  products  of  digestion,  which  are  likewise  taken  upby  it  in  the  capillaries, 
to  the  hei\rt.  It  enters  there  the  right  auricle,  and  has  thus  made  the  "  greater 
circuit."  When  the  contraction  ceases  and  the  heart  expands,  the  blood  enters 
from  the  auricles  the  ventricles,  and  thus  the  venous  blood  passes  from  the 
right  auricle  into  the  right  ventricle.  From  this  it  is  expelled  by  the  next 
contraction,  and  forced  into  the  blood-vessels  of  the  lungs.  These  branch  out 
in  the  lungs  into  extremely  fine  capillary  tubes,  which  surround  like  a  network 
the  countless  ramifications  of  the  air  passages. 

Through  the  very  thin  sides  which  separate  the  blood  from  the  air  passages, 
there  is  an  interchange  of  gases.  The  carbonic  add  in  the  blood  is  given  out, 
and  the  oxygen  of  the  air  is  absorbed. 

The  blocM  thus  retakes  its  bright  red  color,  and  becomes  again  arterial. 

From  the  capillary  vessels  oi  the  lungs,  this  arterial  blo^  passes  by  four 
veins  back  to  the  heart,  and  enters  the  left  auricle.  From  this,  at  the  next 
diastole,  it  passes  into  the  left  ventricle,  and  begins  at  the  next  systole  its 
course  anew. 

The  passage  of  the  blood  from  the  right  ventricle,  through  the  capillary 
system  of  the  lungs  back  to  the  left  anricle,  we  call  the  lesser  circuit. 

The  human  b(3y  is  thus  comparable  to  a  steam  engine.  The  nonrishment 
is  the  fuel,  from  the  combustion  of  which  arises  the  increased  temperature  and 
power  of  both.  In  both  cases  the  oxygen  necessary  for  combustion  is  taken 
ftam  the  air.  To  the  boiler  correspond  the  capillary  vessels.  As  chimney  for 
the  discharge  of  the  carbonic  acid  n>rmed  by  combustion,  and  at  the  same  time 
as  grate  through  which  the  air  enters,  we  have  the  lungs  and  wind-pipe. 

As  already  noticed,  the  heat  generated  in  the  bodv  by  combustion  of  the 
nourishment,  serves  a  double  purpose.  A  portion  is  transformed  by  the 
muscles  into  work ;  another  serves  to  maintain  the  temperature  of  the  body 
constant,  that  is,  to  supply  the  losses  by  radiation,  conduction,  perspiration. 


Many  observations  have  shown  that  the  temperature  of  the  human  body  is 
Independent  of  the  outer  temperature,  and  in  a  healthy  condition  about  87°  C. 

When  the  outer  temperature  is  low,  the  loss  of  heat  must  then  be  greater, 
and  more  heai  must  be  produced  to  cover  this  loss  than  when  the  outer 
temperature  i^  higher.     For  low  outer  temperature,  therefore,  more  nourish- 
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rnent  must  be  burned,  and  in  regions  where  the  outer  temperature  is  higher, 
less. 

When  more  nourishment  is  burned,  more  oxygen  must  be  inspired,  and 
more  carbonic  acid  formed.  Hence  in  cold  climates  the  venous  blood  must 
contain  more  carbonic  add  than  in  the  warm,  and  the  arterial  more  oxygen. 

The  difference  in  color  between  venous  and  arterial  blood  depends  upon 
the  greater  amount  of  carbonic  acid  in  the  one,  and  of  oxygen  in  the  other. 
There  must,  therefore,  be  a  relation  between  the  difference  of  color  and  the 
amount  of  nourishment  consumed,  or  between  this  difference  of  color  and  the 
animal  heat. 

Hence  the  color  of  the  venous  blood  must  vary  with  the  outer  temperature. 

In  cold  climates  the  venous  blood  is  darker  than  in  warmer.  Hence  it  was 
that  Mayer  found  in  Java  the  venous  blood  much  redder  than  in  Europe. 

This  observation  furnished  him  the  starting-point  for  his  discovery  of  the 
fundamental  principle  of  the  mechanical  equivalent  of  heat.* 


t€ 


THE  EirrBOFY  OF  THS  WOBLD  TENDS  TOWABD  A    KAXDCUM."t 


In  Chapter  IV.  of  the  second  Lecture  we  have  called  attention  to  an  impor- 
tant law :  the  amount  of  heat  which  in  a  perfect  heat  engine  is  transformed 
into  work,  and  the  amount  which  is  simultaneously  transferred  from  a  hot 
body  (the  furnace)  to  a  colder  body  (the  condenser),  stand  in  a  constant  rela- 
tion. 

This  principle  Is.expressed  by  the  formula 

^      ^  1  +  at, 

or,  denoting  1  +  ai,by  Ti,  the  absolute  temperature, 

Here  q  is  the  total  heat  expenditure  of  the  warmer  body,  of  the  boiler, 
whose  temperature  is  T^,  and  q'  is  that  part  of  this  heat  which  is  transferred 
to  the  colder  body,  to  the  condenser,  whose  absolute  temperature  is  Tq, 

Subtracting  both  members  of  the  above  equation  from  1,  we  have 

i'-?£         or        l.^± 
q  "Ti*       ^'       ^0  "  ^1 ' 

•^-^=0 ax 


which  may  be  written 


This  principle  admits  of  considerable  extension,  and  holds  good  in  some- 
what changed  form,  not  onlv  for  the  processes  accomplished  in  neat  engines, 
but  for  all  processes  by  wnich  heat  is  transformed  into  work,  or,  inverselj, 
work  into  heat. 

Since  the  change  of  heat  into  work,  and  likewise  the  transfer  of  heat  of 
high  temperature  Into  heat  of  low  temperature,  is  a  transformation,  this  prin- 

*  See  Mayer,  Mectaanlk  der  Wtrme,  1867,  p.  S39. 

t  See  Claosios,  neber  den  zwelten  Haaptsatc  der  mechaniichen  Wlrmetheotle,  Bnumschweig, 
1807. 
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dple  is  called  by  Clansins,  the  law  of  tlie  equivalence  of  transfonnations,  and 
la  regarded  as  tne  second  general  law  of  thermodTnamics. 

It  holds  good,  as  we  see,  only  for  cycle  processes  which  are  reversible,  as  in 
that  of  the  perfect  heat  engine. 

If  the  cycle  process  is  more  complex,  the  equation  aboye  is  more  generally 

2f  =  0 (I). 

There  are,  howeyer,  transformations  of  other  forms  of  force  into  each  other, 
and  all  follow  this  law. 

Thas,  for  example,  heat  changes  the  arrangement  of  the  molecules,  while 
OTercomlng  outer  forces  and  the  action  of  the  molecular  forces ;  while,  there- 
fore, it  performs  work. 

When  the  action  of  the  heat  is  sufficiently  powerful,  solid  bodies  become 
liquid,  and  liquids  are  chan^^ed  into  gases  ;  therefore  the  state  of  aggregation  is 
chanffed,  Clausius  calls  this  action  of  the  heat  *'  disgregation,"  and  expresses 
the  phenomenon  by  the  words,  "  heat  increases  the  disgregation  of  bodies." 

An  increase  of  disgregation  corresponds,  then,  to  a  change  of  heat  into 
work,  and  a  decrease  to  a  transformation  of  work  into  heat.  There  must, 
therefore,  exist  between  the  decrease  of  disgregation  and  such  transformation 
a  causal  relation. 

That  the  consideration  of  this  disffregation  conducts  us  to  the  preceding 
equation,  may  be  seen  from  the  foUowmff  example: 

Let  us  consider  a  quantity  of  gas  which  has  the  temperature  ^,  volume  «, 
and  pressure  p.  Since,  under  such  conditions,  the  mean  distances  of  the  mole- 
cules is  determinate,  the  disgregation,  which  measures  the  distribution  of  the 
gas  particles,  is  determinate.  We  denote  this  by  Z,  If  we  now  allow  the  gas 
to  expand,  or  compress  it,  under  constant  outer  pressure,  without  change  of 
temperature,  the  work  performed  or  expended  is|)(ei  —  e),  whereat  is  the 
new  volume. 

The  oonespoodlng  amount  of  heat  g,  absorbed  or  set  free,  is 

p  («i  —  e)  -«v 

5'=  ^^-^-7 — ■ ®. 

Let  the  disgregation  in  this  new  condition  be  Z^,  then  the  change  of  disgre- 
gation is 

Let  us  now  consider  an  equal  amount  of  the  same  gas  which  has  for  another 
teniperature  t^ ,  the  same  volume  e,  and  hence  another  pressure  pj. 

The  pressures  p  and  p^,  according  to  the  laws  of  tne  expansion  of  gases, 
are  in  the  relation 

£.  — L±_?i 
pi  "l  +  a<i' 

The  disffTegation  of  the  new  gas  mass  is  eyidently  the  same,  vis.,  Z,  since 
the  mean  distance  of  the  molecules  is  the  same. 

If  this  gas  takes  the  new  volume  «■ ,  the  change  of  disgregation  is  neces- 
nrily  the  same,  viz.,  Zf  —  Z. 

The  work  obtained  or  expended  is  howeyer  eyidently  different,  yiz., 

Px  («!-«), 

and  the  heat  9,,  which  is  absorbed  or  set  free,  if  the  temperature  of  the  gas 
does  not  ehaoge,  is 

«.=«i%=^    .    .    . (8). 
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From  equations  (2)  and  (8)  we  harv^e 

ir  =  "7"'        *^^ 
Pi          «/ 

P"      J 

The  left  sides  are  evidently  alike.    If  we  take  account  also  of  the  equation 

P_  _l  +  a<_  T 
Pi^l-^at^-  Ti' 

we  have^  when  T  and  Ti  are  the  absolute  temperatures, 

an  equation  which  corresponds  perfectly  with  (1). 

We  see,  therefore,  that  the  amounts  of  heat  necessary  to  cause  the  same 
change  of  disgregaljon  are  inversely  as  the  absolute  temperatures  at  which 
these  amounts  of  neat  are  transformed. 

The  equivalent  value  of  the  heat  corresponding  to  a  determinate  change  of 
disgregation  is,  therefore,  obtained  by  dividing  the  heat  necessary  for  this 
change  by  the  absolute  temperature. 

These  two  examples,  viz.,  the  theory  of  machines  already  alluded  to,  and 
the  law  of  disgregation  chance  here  laid  down,  may  suffice,  if  not  to  prove 
rigidly,  at  least  to  make  intelligible  the  second  law  of  thermo-dynamics. 

We  have  now,  in  the  course  of  our  considerations,  become  acquainted  with 
three  kinds  of  changes,  viz.,  the  change  of  heat  into  work,  or,  inversely,  the 
change  of  heat  at  a  higher  temperature  into  heat  at  a  lower,  and,  finally,  dis- 
gregation changes. 

livery  transformation  of  one  kind  corresponds  always  to  a  certain  amount 
of  another,  and  we  can  therefore  say  that,  in  every  process,  a  change  of  one 
sort  answers  always  to  a  corresponding  chanse  of  another. 

Entirely  analogous  relations  can  be  stated  for  every  transformation  of  one 
kind  of  force  into  another. 

If  we  assume,  temporarily,  a  unit  for  two  equivalent  transformations,  we 
can  set  them  equal. ' 

Since  every  equation  of  the  form 

«i  =  »i 
can  be  put  in  the  form 

«i  -«,  =0, 

this  principle  can  be  expressed  as  follows  : 

In  every  process  the  algebraic  sum  of  the  transformations  is  zero. 

It  is  necessary,  however,  to  call  attention  to  the  limitation  which  in  the  one 
case  is  expressly  made,  and  in  the  other  is  fulfilled,  viz.,  that  the  process  in 
question  must  be  reversible. 

Keeping  this  limitation,  we  have  the  second  law  of  thermo-dynamics  in  the 
form  as  given  by  Clausius. 

"  In  every  process,  however  complicated,  in  which  one  or  more  bodies 
undergo  reversible  changes,  the  algebraic  sum  of  all  the  transformations  must 
be  zero." 

The  second  law  is,  therefore,  well  called  the  law  of  the  equivalence  of 
transformations,  while  the  first  is  that  of  the  equivalence  of  work  and  heat 


We  shall  next  seek  to  make  it  evident,  by  further  examples,  that  it  is  really 
necessary  to  introduce  the  limitation  that  the  second  law  holds  only  for  reversi- 
ble transformations. 
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In  the  example  already  noticed,  in  which  we  consider  the  change  of  dich 
gregation  of  a  gas,  it  was  always  assumed  that  the  pressure  remained  un* 
changed,  or,  better,  that  the  outer  pressure  differed  from  the  tension  of  the  gas 
only  by  an  infinitely  small  amount.  Under  this  assumption  it  is  possible  to 
again  compress  the  gas  by  the  same  outer  pressure,  and  bring  it  back  to  its 
original  condition. 

The  gas  then  passes  through  all  the  changes  which  it  experienced  during 
expansion,  but  in  reverse  order. 

The  gas,  however,  may  experience  the  same  changes  of  volume  and  dis- 
greffatioo  in  another  manner. 

If,  thus,  we  connect  the  vessel  containing  the  gas,  whose  volume  is  «,  with 
another  whose  volume  is  «,  —  v,  which  is  exhausted  of  air,  and  suddenly 
open  the  communication,  the  gas  will  enter  the  empty  vessel  until  there  is  the 
same  pressure  in  both.  The  volume  of  the  gas  is  now  V|  ;  the  change  of  dis- 
gTMAtion  is  the  same  as  in  the  previous  case. 

From  the  experiments  of  Joule  we  know  that  during  snch  a  change  of 
volume  there  ia  neither  change  of  temperature  nor  work  performed  by  the  gas. 

Bat  the  gas  cannot  be  compressed  back  to  its  original  condition  without  an 
exi>enditnre  of  work  and  production  of  heat.    The  process  is  not  reversible. 

If  the  gas  Is  compressed,  its  disgregation  therefore  diminished,  we  must 
have  work  transformed  into  heat ;  but,  as  we  have  seen,  the  disgregation  may 
he  increased  without  an  equivalent  transformation  of  work  into  heat  or  heat 
into  work. 

If,  now,  we  call  the  transformation  of  work  into  heat  and  increase  of  dis- 
gregation positive,  and  the  change  of  heat  into  work  and  decrease  of  disgrega- 
tion negative  transformations,  we  see  that  decrease  of  disffregation,  that  is,  a 
negative  change,  cannot  occnr  without  a  simultaneous  positive  transformation; 
bat,  on  the  other  hand,  increase  of  disgregation,  or  a  positiye  change,  can 
aometimes  occur  without  a  negative  transformation. 

Let  us  consider  now  other  modes  of  transformation.  When  heat  is  trans- 
formed into  work  there  is  always  a  simultaneous  increase  of  disgregation,  or, 
as  in  the  cycle  processes  of  engines,  heat  passes  from  a  hot  to  a  colder  body. 
If  we  call  the  transfer  from  the  hot  to  the  cold  body  positive,  and  the  trans- 
formation of  heat  into  work  negative,  we  can  sav,  since  there  is  no  example  in 
which  tills  negative  transformation  occurs  without  a  corresponding  positive^ 
one,  that  the  negative  transformation  of  heat  into  work  is  necessarily  connected*, 
with  a  simultaneous  positive  transformation. 

The  positive  change  of  work  into  heat  can,  however,  as  many  examples 
show,  occnr  without  a  corresponding  simultaneous  negative  transformation. 
Thus,  for  example,  in  friction,  resistance  of  air,  and,  in  short,  most  prejudicial 
reristanoes,  there  is  a  change  of  work  into  heat,  without  simultaneous  changes 
of  disgregation,  transfer  or  heat  from  higher  to  lower  temperature,  etc.,  neces- 
aarily  occurring. 

Here  also,  therefore,  negative  transformation  of  heat  Into  work-  cannor 
oecur  without  a  simultaneous  positive  transformation,  but  positive  transforma*- 
tion  of  work  into  heat  can. 

The  third  mode  of  transformation  considered — viz.,  the  transfer  of  heat 
from  one  body  to  another,  or  the  change  of  a  quantltv  of  heat  Q  at  the  tem-- 
perature  T,  into  the  quantity  Q  at  the  temperature  T  — also  confirms  this  law.. 

As  is  known,  there  is  a  natural  tendency  of  heat  to  pass  i¥om  a  warmer 
to  a  colder  body,  and  this  process  occurs  in  radiation  and  conduction  without 
■imnltaneously  giving  rise  to  another. 

On  the  other  hand,  a  process  opposed  to  this  natural  tendency  of  heat,  the^ 
transfer  of  heat  from  a  colder  to  a  warmer  body,  can  only  occur  when  there  is 
a  simultaneous  change  of  work  into  heat,*  or  an  increase  of  disgregation. f 

If  we  call,  as  already  Indicated,  the  transfer  of  heat  from  hot  to  cold  body 

*  We  ma;  recall  the  example  on  page  15  of  a  steam  eagtne  eompelled  by  an  oater  force  to 
nverae  Its  oralnary  action. 

t  Af  fllOBtratton,  a  hot  sasoF  temperatoie  A"  mnnt  be  compfessed  bj  the  expansion  of  ^ 
CQldsr  solid  body  which  is  heated  from  A  to  A\  when  both  A  and  ii'  are  leas  than  A'\ 
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pocdtiye,  and  from  cold  to  hot  negative,  we  may  conclude  from  all  tlie 
discasaed,  that 

Negative  transfarmatiofu  can  only  occur  when  eompenaaied  by  paHHve,  hut 
poHtive  may  occur  ioUhout  negoHw,  UneamperuaUd  transformatiana  can  there- 
fore only  be  poeiHw. 

This  principle  allows  of  an  interesting  natural  application.  We  have  seen 
that  there  is  a  general  tendency  in  nature  to  increase  of  disgregation,  to  trans- 
form work  into  heat,  and  to  level  heat  differences.  This  is  indeed  but  the 
result  of  the  principle  that  uncompensated  transformations  can  only  be  positive. 

This  tendency  is  denominated  the  "  dissipation  of  energy." 

The  case  of  a  natural  transformation  which  is  perfectly  reversible  is  a 
limiting  case  which  seldom  or  never  occurs.  It  is,  hence,  the  tendency  of  the 
positive  transformations  to  accumulate.  The  heat  of  a  body  which  can  no 
longer  be  transferred  to  a  colder  body  must  renudn  heat,  and  can  serve  no 
longer  for  production  of  worlc,  can  no  longer  be  transformed  into  other  forms 
of  action. 

The  amount  of  this  untransformable  heat  must,  hence,  alwavs  increase,  since 
it  is  continually  added  to  by  the  uncompensated  positive  transformations. 

The  consequence  is  that  the  world  tends  toward  a  final  condition  in  which 
all  its  forms  of  energy  will  be  transformed  into  heat  of  uniform  temperature, 
which  can  no  more  be  transformed. 

When  this  condition  is  attained  all  nature  will  be,  and  must  remain,  dead, 

Thomson  has,  with  rare  acuteness,  drawn  the  boldest  consequences  from 
these  conclusions,*  and  expressed  them  as  follows  : 

"  1.  There  is  in  nature  a  universal  tendency  to  the  dissipation  of  mechani- 
cal energy. 

"  2.  A  restoration  of  mechanical  eneroy  (negative  change)  without  more  than 
an  equivalent  of  dissipation,  is  impossible  by  inanimate  material  processes,  and 
will  probably  never  be  attained  by  organized  matter,  whether  endowed  with 
vegetable  life  or  with  consciousness  and  will. 

"  8.  Within  a  finite  past  period  the  earth  must  have  been  uninhabitable,  and 
within  some  finite  future  period  the  earth  must  become  again  uninhabitable  for 
men,  beasts,  and  plants  as  now  constituted.  It  may  be  then  that  processes 
may  have  existed  or  will  exist,  which  are  contrary  to  those  natural  laws  which 
at  present  rule  the  world." 

The  boldness  and  scope  of  the  conclusions  drawn  by  Thomson  from  the  sim- 
ple equations  which  express  the  second  law  of  thermodynamics,  must  challenge 
admiration. 

The  merit  of  the  first  discovery  of  these  equations,  however,  belongs  to 
Gamot  and  Clausius.  Camot  discovered  the  second  law  in  its  essentials, 
though  the  form  in  which  he  expressed  it  was  incorrect,  since  he  proceeded 
from  the  false  assumption  of  the  indestructibility  of  heat. 

Later,  Clausius  so  modified  Carnot's  principle,  that  it  no  longer  contra- 
dicted the  first  law  and  the  principle  of  the  conservation  of  force,  and  ex- 
pressed it  in  correct  form.f  He  showed  that  it  followed  from  the  inherent 
tendency  of  heat  to  equalize  existing  temperature  differences. 

From  the  second  law,  however,  it  follows  that  transformation  of  heat  into 
work  can  never  occur  without  compensation  by  a  transfer  of  heat  from  a 
warmer  to  a  colder  body.  But  already,  at  that  tinie,  known  phenomena  taught 
that  heat  could  pass  from  a  warmer  to  a  colder  body  without  compensation,  and 
that  work  could  be  transformed  into  heat  without  compensation,  as  in  friction. 

Later,  Clausius  gave  in  another  form  its  most  general  expression  to  the 
law  which  we  have  already  expressed,  by  saying  that  uncompensated  changes 
can  only  be  positive.^ 

Clausius  denoted  the  algebraic  sum  of  all  those  changes  which  must  take 


vol 

Knft  der  Wftrme,'^  etc 

t  Clansias, ''  Ueber  densweiten  Hanptaatz  der  mechnitgchen  Wfametheorie,"  Braunachwelft 
1807,  p.  17. 
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plaee,  in  order  to  bring  a  body  into  the  condition  in  which  it  is  at  present,  by 
the  name  "entropy." 

Since  now  the  som  of  the  positive  changes  can  never  be  less  than  the  snoi 
of  Uie  simultaneoos  negative  change,  bat  in  general  is  greater,  it  follows  that 
the  entropj  of  the  world  is  continually  increuing. 

ClaosiQs  has  formulated  this  in  the  words~-"2>id  BniropU  der  WeU  itrebt 
einem  maximum  mi,'* 


•« 


The  Ehtboft  of  thb  wobu>  tkriw  TOWAas>  a  mazdcum.'* 
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PART   FIRST. 


OHAPTEB  L 

CEESSBATION  OF  HEAT  BT  MECHANICAL  WORK  AND  THE  BEYEBSB. 
— ^DETEBMINATION  OF  THE  MECHANICAL  EQUIVALENT  OF  HEAT 
BY  EXFEBDCENT. 

Heat  Generated  ly  Mechanvxd  Action, — ^A  great  number  of 
ihe  phenomena  of  daily  life  prove  to  as  that  heat  can  be  gen- 
erated by  mechanical  work  If,  for  example,  we  strike  a  piece 
of  metal  repeatedly  with  a  hammer,  the  metal  becomes  heated. 
The  living  force  of  the  hammer,  which  is  here  destroyed  at 
every  stroke,  appears  thus  to  be  transformed  into  heat.  If  we 
rub  two  pieces  of  dry  wood  together  with  sufficient  rapidity, 
and  during  a  sufficiently  long  time,  they  may  even  be  set  on 
fire.  Here,  again,  we  have  heat  generated  by  mechanical  work. 
Especially  well  known  is  the  generation  of  heat  by  axle  fric- 
tion when  the  axle  is  not  well  lubricated.  Here,  again,  the 
work  necessary  for  overcoming  the  friction  generates  heai 

These  and  many  other  facts  have  led  to  the  question  whether 
mechanical  work  and  heat  are  not  equivalent,  or,  in  other 
words,  whether  by  the  expenditure  of  a  certain  amount  of 
work  we  can  generate  a  certain  fixed  quantity  of  heat. 

ApprosciTiruite  Determinatim  of  the  Heat  Generated  by  Frio^ 
tioiL — Count  Bumford  seems  to  have  been  the  first  to  en- 
deavor to  answer  this  question  by  experiment,  and,  indeed, 
seems  to  have  been  among  the  first  to  express  the  idea  that 
heat  is  nothing  more  than  a  motion  of  the  molecules  of  a  body. 

In  the  foundry  at  Munich,  of  which  he  was  the  superintend- 
ent, he  caused  a  blunt  drill,  of  about  10,000  pounds  in  weighty 
set  in  motion  by  horses,  to  work  upon  the  bottom  of  a  cannon. 
The  cannon  was  inclosed  in  a  wooden  box  containing  2&6 
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pounds  of  water.    At  the  end  of  2}  hours  the  water  was  heated 
from  0"^  to  IW,  or  was  oaused  to  boiL 

Although  he  made  use  of  two  horses  for  the  experiment,  he 
'  was  of  the  opinion  that  the  work  could  h^ve  been  performed  bj 
one.    Hence  the  mechanical  work  of  one  horse  for  2^  hours 
sufficed  to  heat  26.6  pounds  of  water  through  100°. 

Since,  now,  one  horse  can  raise  in  one  hour  1,980,000  pounds 
one  foot  high,  or  can  perform  a  mechanical  work  of  1,980,000 
foot  lbs.,  in  2t  hours  it  would  perform  1,980,000  x  2J  =  4950,- 
000  foot  lbs.  This  work  heats  26.6  lbs.  of  water  through  100% 
or  2,660  lbs.  through  1°.  Therefore,  to  heat  one  pound  of 
water  one  degree  requires 

^^  =  1,721  foot  Iba 

Let  us  reduce  this  result  to  French  measures,  which  are 
almost  universally  used  now  in  science,  and  which  we  shall 
always  use  hereafter  unless  the  contrary  is  specially  stated. 

One  pound  equals  0.4536  kilogram,  and  one  foot  equals 
0.3048  meter ;  hence  1  foot  lb.  =  0.4536  x  0.3048  =  0.13826  me- 
ter-kilograms, and  1,721  foot  lbs.  =  1,721  x  0.13826  =  237.945 
meter-kilograms. 

This  result  is  evidently  too  large,*  as  we  have  taken  no  ac- 
count of  the  heat  lost  by  radiation  and  conduction.  Thus  it  is 
plain  that  by  the  same  mechanical  work  we  could  have  heated 
a  greater  quantity  of  water,  or  that  for  the  same  amount  of 
water  less  work  would  have  been  necessary  if  all  the  heat  gen- 
erated had  gone  to  raise  the  temperature. 

IhpperiTMfnt  of  Davy. — After  Bumford  we  find  Sir  Humphry 
Davy  announcing  clearly  that  heat  is  not  a  matter  transmitted 
from  one  body  to  another,  as  was  held  by  most  physicists ;  but 
that  it  consisted,  most  probably,  in  a  rapid  motion  of  the  par- 
ticles of  a  body. 

He  showed  that  two  pieces  of  ice,  when  rubbed  together,  were 
converted  into  water,  although  no  heat  was  imparted  to  them 
by  exterior  bodies.    But  we  know  that  ice  requires  for  melting 

*  [KoCe  that  this  resnlt  correflpon^*  ^o  <^^  pcvnd  of  water  heated  one  degree.  One  kUogrmh 
or  AS  OMk,  will  require  S.S  m  mnch  work,  or  co&aiderably  more  than  494  meter-kilograms.] 
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a  laige  amotint  of  heat ;  for  instance,  to  conyert  one  pound  of 
ioe  at  0^  into  water  at  0°  requires  no  less  heat  than  to  raise  the 
same  quantitj  of  water  from  0^  to  about  BO"".  This  considera- 
ble amount  of  heat  must  therefore,  in  the  above  experiment, 
have  been  generated  bj  the  friction  of  the  pieces  of  ice,  and 
hence  Davy  concluded  that  heat  must  be  a  kind  of  motion. 

In  order  to  confirm  still  further  the  truth  of  this  view,  he 
made  the  following  experiment :  He  placed  under  the  receiver 
of  an  air-pump  a  clock-work,  resting  upon  a  piece  of  ice,  in 
the  upper  surface  of  which  there  was  a  cavity  filled  with  water. 
The  clock-work  caused  a  toothed  wheel  to  rub  against  a  sur- 
&oe  of  metal  coated  with  wax.  After  the  exhaustion  of  the 
air  the  clock-work  was  set  in  motion,  and  the  wax  was  melted, 
while  the  water  in  the  ice  cavity  remained  fluid.  The  melting 
of  the  wax,  therefore,  was  not  due  to  heat  obtained  from  the 
water  nor  from  the  clock-work ;  for,  in  the  first  case,  the  water 
would  have  been  at  least  partially  frozen,  and  in  the  other, 
heat  would  have  been  imparted  also  to  the  ice,  and  a  por- 
tion of  it  melted. 

Mayer,  the  Fomdsr  of  (he  Theory. — Although  the  savans 
just  mentioned  were  of  the  opinion  that  heat  must  be  a  kind 
of  motioxi,  and  that  a  definite  expenditure  of  work  must  gener- 
ate an  equivalent  amount  of  heat,  to  Dr.  Mayer  of  Heilbronn 
belongs  the  credit  of  not  only  stating  clearly  and  definitely  the 
principle  of  the  equivalence  of  work  and  heat,  but  also  of 
deducing  a  number  of  conclusions  from  it,  so  that  he  may  be 
regarded  as  the  founder  of  the  mechanical  theory  of  heat. 

He  claims  in  his  treatises  that  any  natural  force,  as  light 
or  heat,  cannot  be  destroyed,  either  in  whole  or  in  part,  any 
more  than  matter  itsell  That,  what  appears  to  us  to  be 
destruction  is  nothing  more  than  a  transformation.  He  shows 
that  the  heat  received  from  the  sun  by  a  plant  enables  it  to 
extract  its  nourishment  from  the  air  and  earth — ^to  give  out 
oxygen  and  absorb  hydrogen  and  carbon — and  that  this  ab- 
sorbed hydrogen  and  carbon  can  furnish  again  the  same  quan- 
tity of  heat  received  by  the  plani  That  just  as  these  elements 
furnished  heat  by  ordhiary  combustion,  so  they  generated  heat 
in  animal  organisms,  and  enabled  them  to  perform  work,  to 
cany  loads,  etc.    He  points  out  that  the  carbon,  or,  in  other 
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words,  the  food,  which  an  animal  consnmefl  is  proportional  to 
the  work  it  performs — ^that  an  increase  of  work  raises  the  tem- 
perature or  necessitates  an  increase  of  nourishment. 

Thus  he  compates  the  consumption  of  carbon  by  a  man  in 
climbing  a  monntain  10,000  feet  high,  and  puts  it  at  0.155  lbs. 
That  is,  the  heat  famished  by  the  combustion  of  0.155  lbs.  of 
carbon  corresponds  to  the  mechanical  effect  of  raising  the  man 
10,000  feet  Further,  he  determined  by  the  agitation  of  water 
in  a  vessel  the  work  necessary  to  raise  one  kilogram  of  water 
one  degree,  and  obtained  366  meter-kilograms,  which  is  thus 
considerably  less  than  the  result  obtained  by  Bumford. 

Eocadl  Determination  (jf  the  Mechanical  Equivalent  of  Beat  by 
Jovle  in  MaTicheeter. — ^Although  the  equivalence  between  work 
and  heat  was  clearly  expressed  and  proved  by  Mayer,  still 
there  was  wanting  an  exact  determination  of  the  amount  of 
work  necessary  in  order  to  heat  one  pound  or  one  kilogram  of 
water  one  degree.  Neither  the  result  of  Bumford  nor  that  of 
Mayer  can  lay  claim  to  great  accuracy.  Accordingly,  the  Eng- 
lish physicist.  Joule,  undertook  a  large  number  of  very  carefol 
experiments,  in  order  to  determine  this  number  as  exactly  as 
possible.  He  adopted  different  methods.  He  caused  an  iron 
paddle-wheel,  set  in  motion  by  appropriate  cords  and  weights, 
to  revolve  in  a  vessel  filled  with  water,  and  by  means  of  a  very 
accurate  thermometer  observed  the  increase  of  temperature 
of  the  water  when  the  weights  had  fallen  through  a  certain 
distance.  Then  he  took  other  liquids,  as  mercury,  oil,  etc, 
and  found  for  these  also  the  increase  of  temperature  for  a  cer- 
tain expenditure  of  work.  He  also  caused  two  cast-iron  plates, 
immersed  in  water,  to  rub  one  against  the  other,  and  compared 
here  also  the  rise  of  temperature  with  the  work  expended. 
In  another  series  of  experiments  he  forced  water  through  cap- 
illary tubes,  and  determined  the  rise  of  temperature  and  the 
work  expended.  Finally,  he  determined  the  increase  of  tem- 
perature when  air  is  compressed  in  a  receiver. 

From  all  these  experiments  he  found  that  by  the  expendi- 
ture of  a  certain  amount  of  work  an  equivalent  amount  of  heat 
was  generated,  entirely  independent  of  the  nature  of  the  sub- 
stances experimented  upon. 

After  seven  years  spent  in  study  of  the  subject,  he  under- 
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took,  in  1849,  another  large  series  of  experiments,  in  which  he 
ETailed  himself  of  all  the  precautions  which  his  long  expe- 
rience had  made  familiar.  He  thus  found  for  the  work  neces- 
sary to  raise  one  pound  of  water  one  degree  Fahrenheit,  the 
following  Tesults : 

772.692  foot  lbs.  for  friction  with  water — ^mean  of  40  experi- 
ments. 

774.083  foot  lbs.  for  friction  with  mercury — ^mean  of  60  ex- 
periments* 

774967  foot  lbs.  for  friction  with  cast-iron — ^mean  of  20  ex- 
periments. 

When  we  consider  the  difficulties  attending  such  experi- 
ments, and  the  care  and  labor  required  for  the  exact  determina- 
tion of  the  work  and  temperature,  the  coincidence  of  these  re- 
sults is  most  remarkable.  These  experiments  belong,  in  fact, 
to  the  most  memorable  in  the  domain  of  physics,  and  entitle 
Joule  to  a  prominent  place  in  the  history  of  the  mechanical 
theory  of  heat. 

Of  all  these  results,  Joule  considered  those  given  by  water 
as  the  most  reliable.  After  making  several  necessary  correc- 
tions, he  gave  the  equivalent  as  772  foot  lbs.  for  1*"  Fahr.,  or 
772  X  f  =  1389.6  foot  lbs.  necessary  to  raise  one  pound  of  water 
l""  Centigrade. 

Hence,  the  work  necessary  to  raise  one  kilogram  of  water 
N>ne  degree  C.  is  1889.6  x  0.8048  =  423.55  meter-kilograms. 

We  shall  hereafter  arrive  by  entirely  different  considera- 
tions at  almost  exactly  the  same  result,  so  that  we  may  regard 
it  as  settled  that  for  the  generation  of  one  heat  unit  *  a  work 
expenditure  of  428.55,  or,  in  round  numbers,  of  424  meter-kilo- 
grams is  necessary.    We  call  this  work  the  *'  xechakical  equiv- 

ALKNT  OF  HEAT.*' 

Inversely,  by  the  expenditure  of  one  unit  of  work  we  can 
generate  only  ri^th  of  a  heat  unit,  and  this  number  we  may  call 
the  **  thcrmci  equivalent  of  wcyrh" 

Since  one  horse-power  (French)  represents  75  meter-kilo^ 
grams  in  one  second,  we  have  W  =  5.65  horse-power  necessary 
to  raise  one  kilogram  of  water  one  degree  in  one  second. 

•  The  term  "beatanif*  is  neually  aaedto  denote  that  quantity  of  heat  required  to  miM 
mt  pound  of  water  one  d«giee  Vahxtmheit,  and  the  term  '*  Calorie  "  la  employed  to  denote  that 
qoantUy  of  heat  requiied  to  raiee  tme  kilogram  of  water  one  degree  Centigrade.    As  wo  use  , 

thronghoat  thii  work  French  nnita,  the  term  "  heal  nnit,*^  nnless  otherwise  aUted  in  the  text, 
moat  be  anderatood  aa  meaning  the  French  heat  nnlt,  or  ealorU,  In  order  to  diatinguiah  theae 
two  beat  nnita  fkom  that  amoont  of  heat  required  to  raise  one  pound  of  water  one  d«grea 
OmOgradty  we  aMj  call  thla  Utter  amoont  a  **  tfurm^^"  or  **  thermal  nnit." 


106  THEBMODTNAMICa. 

EXAMPLE. 

Required  to  laiae  2  kilograms  of  water  in  20  minutes  from  0**  to  lOO"*,  what 
expenditure  of  work  per  second  is  necessazy  f 

The  2  kilograms  require  100  x  2  =  200  heat  units,  or  a  work  of  424  x  200  = 
84,800  meter-kilograms.  Since  this  work  is  to  be  performed  in  20  minutes,  or 
1,200  seconds,  the  necessary  work  per  second  is  VfW  =  70.66  meter-kilograms 
per  second,  or  nearly  one  horse-power  (French).  (One  French  horse-power,  or 
75  meter-kilograms  per  second,  is  about  542,6  foot  lbs.  per  second^  or  somewhat 
less  than  an  English  horsepower,  which  is  550  foot  lbs.  per  second.) 

W/nis  Determirudion  of  the  Mechanical  Equivalent. — ^Him,  a  civil 
engineer  at  GolmaFy  has  made  a  careful  and  difficult  determina^ 
tion  of  the  mechanical  equiyalent  of  heat.  He  adopted  a  differ- 
ent method  from  Joule,  and  attempted  to  determine  the  heat 
set  free  by  the  impact  of  inelastic  bodies. 

Two  heavy  blocks,  one  of  wood  the  other  of  iron,  were  sus- 
pended like  pendulums.  The  wooden  block  had  an  iron  plate 
upon  the  side  in  contact  with  the  other.-  The  iron  block  was 
now  raised  a  certain  height,  and  a  hollow  lead  cylinder  placed 
upon  the  iron  plate,  which  was  struck  by  the  descending  iron 
block,  and  Ihus  compressed  and  heated. 

From  the  weight  of  the  iron  block,  and  the  height  through 
which  it  fell.  Him  calculated  its  living  force,  or  mechanical 
effect  Moreover,  the  height  to  which  the  wood  block  was 
driven  by  the  shock,  as  well  as  that  to  which  the  iron  block 
rebounded,  gave  the  work  remaining  in  the  masses  after  impact 
Now,  directly  after  the  shock,  the  lead  cylinder  was  filled  with 
water,  and  the  increase  of  temperature  of  the  water  determinedi 
After  skillfully  determining  the  work  expended  in  the  compres- 
sion of  the  lead  cylinder,  it  was  easy  to  calculate  the  work  ex- 
pended in  the  heating.  The  mean  of  various  determinations 
gave  426  meter-kilograms,  or  the  same,  almost,  as  given  by  Joule. 

Performanoe  of  Mechanical  Work  by  Heat. — ^In  the  preceding 
we  have  seen  that  heat  is  generated  by  work,  or,  generally,  that 
when  heat  appears  work  disappears,  and  that  by  a  certain  ex- 
penditure of  work  we  can  always  generate  a  certain  amount  of 
heat  The  question  now  arises,  Oan  we  generate  mechanical 
work  by  heat,  or  does  an  equivalent  amount  of  heat  always  dis- 
appear when  work  appears?  We  have,  at  once,  in  the  expan- 
sion of  solid  bodies,  a  most  striking  proof  of  the  performanoe 
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of  work  by  heai  Upon  the  surface  of  bodies  we  have  the  air 
pressure  of  about  10,334  kilograms  per  square  meter  (15  lbs. 
per  sq.  inch),  and  this  pressure  is  overcome  through  a  certain 
distance  during  the  expansion  of  the  body.  Since,  however, 
when  we  heat  a  body,  its  temperature  also  rises,  it  is  difficult 
to  determine  how  much  of  the  heat  imparted  goes  to  overcome 
this  pressure,  and  how  much  contributes  to  the  rise  of  temperar 
ture.  It  is,  therefore,  difficult  to  determine  from  the  expansion 
of  solid  bodies  the  relation  which  exists  between  the  heat  im- 
parted and  the  mechanical  work  obtained. 

The  gaseous  bodies  afford  the  easiest  proof  of  the  generation 
of  work  by  heat,  or  of  the  disappearance  of  heat  when  work  is 
obtained.  If,  for  example,  we  allow  compressed  air  to  issue 
from  a  receiver,  there  is  a  decrease  of  temperature,  sometimes 
80  great  that  drops  of  water  near  the  orifice  may  be  frozen. 
The  work  of  the  air  is  here  the  overcoming  of  the  outside  air 
pressure  as  it  expands. 

Joule  found,  by  similar  experiments,  a  work  performed  of  820 
foot  lbs.  for  every  degree  Fahr.  through  which  the  air  was 
cooled.  This  corresponds  to  |  x  820  x  0.3048  =  448.88  meter- 
kil(^ams  for  every  degree  C,  or  somewhat  greater  than  already 
found.  The  method  of  determination,  however,  is  less  exact, 
and  the  discrepancy  was  to  be  expected. 

During  the  expansion  of  ordinary  atmospheric  air,  also,  heat 
disappears.  If  we  assume  air  of  atmospheric  pressure  under 
the  piston  EF  in  the  cylinder  ABCD,  Fig.  8,  and     *^  -| 

if  there  is  a  vacuum  above  it,  the  piston,  if  not 
held  &8t,  will  rise,  while  the  temperature  of  the 
air  will  sink.  The  heat  which  thus  disappears 
is  the  equivalent  of  the  work  done  in  raising  the 
weight  of  the  piston  through  the  distance  trav- 
ersed. 

Although,  now,  heat   thus  disappears    when 
work  is  done  by  the  air,  as  when  it  rushes  into 

the  atmosphere  or  raises  a  weight,  we  should  not      

expect  to  find  any  such  disappearance  when  the   D  C 

air  expands  in  a  vacuum,  because  in  such  case  no        ^^'  ^ 
work  is  performed.     This  point,  also.  Joule  has  experimen- 
taDy  inrestigated.* 

*  See,  alio,  page  SS  of  Introdocttoo.. 
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He  made  use  of  two  copper  yeseels  connected  by  a  pipe. 
Both  were  placed  in  a  yessel  of  water,  the  temperatnie  of  which 
was  determined  directly  before  and  after  the  experiment  Con- 
nection being  closed,  the  air  was  compressed  to  22  atmospheres 
in  one  yessel,  and  was  exhausted  from  the  other.  The  cock 
was  then  tnmed,  and  the  compressed  air  roshed  into  the  empty 
yessel  until  the  pressure  was  the  same  in  both.  There  was 
found  to  be  neither  a  rise  nor  fall  of  temperature  while  the 
transfer  took  place,  the  temperature  of  the  water  in  which  the 
yessels  were  immersed  remaining  the  same  both  before  and 
after  the  experiment 

We  may  explain  this  as  follows :  As  soon  as  a  part  of  the 
air  has  passed  from  one  vessel  into  the  other,  the  air  continu- 
ing to  enter  must,  to  be  sure,  perform  work  in  compressing  the 
air  already  there.  There  must  be,  therefore,  in  the  vessel  from 
which  the  air  flows,  a  decrease  of  temperature,  but  in  the  other, 
where  the  air  is  being  compressed,  an  increase  of  temperature 
precisely  equal,  so  that,  on  the  whole,  heat  is  neither  lost  nor 


That  this  is  actually  the  true  explanation  was  proved  by 
inclosing  the  vessels  in  two  separate  cisterns,  and  observing 
the  temperature  of  each,  both  before  and  after  the  experiment. 

It  is  therefore  proved,  at  least  for  air,  that  when  heat  dis- 
appears work  is  gained ;  there  is  also  no  room  for  doubt  that 
for  every  unit  of  heat  disappearing,  the  same  mechanical  work 
is  gained  which  we  have  already  found  to  be  necessary  for  the 
generation  of  one  unit  of  heat,  even  although  Joule  found  for 
each  disappearing  heat  unit  a  somewhat  greater  work.  One 
heat  unit  is  therefore  equivalent  to  a  mechanical  work  of  424 
meter-kilograms. 

But  Him  has  proved  the  correctness  of  this  principle  for 
steam  also,  by  means  of  the  steam  engine.  In  fact,  this  machine 
shows  us  at  once  how  heat  can  be  transformed  into  work,  and 
it  was  this  especially  which  early  led  physicists  to  the  conclu- 
sion that  there  must  be  a  certain  equivalence  between  heat  aad 
mechanical  work. 

Him  determined  first  the  temperature  and  tension  of  the 
steam  in  the  boiler  and  the  steam  consumption  per  stroke.  He 
was  thus  able  to  determine  the  number  of  heat  units  carried 
per  stroke  to  the  cylinder.    Then  he  observed  the  temperature 
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and  quantity  of  the  oond^isiiig  water  used  for  each  stroke,  as 
well  as  the  temperature  of  this  water  after  the  condensation 
of  the  steam.  He  was  thus  able  to  determine  the  loss  of  heat 
experienced  by  the  steam  during  its  action  in  the  cylinder,  as 
well  as  that  due  to  the  resistances  in  the  steam  pipe,  in  the 
Tulve  box,  and  in  the  exhaust  pipe.  Finally^  he  endeavored  to 
estimate  the  loss  of  heat  due  to  conduction  and  radiation  be- 
tween the  boiler  and  the  condenser.  He  then  determined  the 
mechanical  work  imparted  to  the  fly-wheel,  and  also,  as  accu- 
rately as  possible,  the  work  absorbed  by  the  prejudicial  resist- 
ances, such  as  the  friction  of  the  piston,  the  slide  valve,  eta 
He  was  thus  able  to  calculate  the  work  for  each  unit  of  heat 
disappearing  in  the  cylinder.  He  found  as  a  mean  of  many 
determinations  413  meter-kilograms,  a  number  which  agrees 
quite  eloaely  with  Joule's  results,  especially  when  we  cou'- 
sider  the  very  great  difficulties  which  Him  had  to  contend 
with. 

Stin  another  apparatus  affords  us  clear  proof  that  heat  can 
be  transformed  into  mechanical  work,  viz.,  the  Gifford  injector 
—  an  apparatus  which  has  for  several  years  been  used  for 
famishing  feed  water  to  locomotives  and  stationary  engines. 
Li  this  contrivance  a  pipe  leads  from  the  steam  space  in  the 
boiler  to  the  water  space.  This  pipe  joins  another  at  a  suitable 
place,  which  brings  the  feed  water.  The  steam  flows  toward 
the  water  space  and  forces  the  air  with  ii  A  partial  vacuum 
is  thus  caused  in  the  feed-water  pipe,  and  the  water  rises  in  it 
until  it  meets  the  steam  current  By  this  it  is  carried  along 
with  great  velocity  and  forced  into  the  boiler. 

Since,  now,  the  water  in  the  boiler  is  acted  upon  by  the 
steam  pressure,  it  is  not  at  once  evident  how  it  can  be  possible 
that  the  steam  flows  round  toward  the  water,  instead  of  iiie 
water  being  forced  into  the  steam  space.  When  we  remember, 
however,  that  the  steam  contains  a  large  amount  of  latent  heat, 
which  the  water  does  not  possess,  or,  in  other  words,  that  the 
work  inherent  in  the  steam  is  greater  than  that  in  the  water, 
we  can  easily  understand  the  possibility  of  the  action. 

When  the  steam  comes  in  contact  with  the  cold  feed  water, 
a  part  of  the  latent  heat  goes  to  heat  the  water,  but  another 
part  IS  transformed  into  mechanical  work,  and  this  it  is  which 
forces  the  water  into  the  boiler. 
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QTTESnOKB  FOB  EXAHINATION. 

Give  instance!  of  heat  generated  by  mechanical  action.  What  condasion  do  inch  inatanooi 
point  to  f  Describe  experiments  wliich  teet  this  condoaion.  Wliat  did  Coont  Romford  coo- 
dade  t  What  chances  for  error  were  there  in  his  experiment  t  Describe  Davy^s  experiment. 
What  precaations  did  he  take  against  possible  objections  1  Do  yon  regard  his  experiment  as 
oonclosive  ?  Why  7  What  was  the  part  played  by  Mayer  tM  regards  the  theoiy  r  In  what 
respect  was  it  different  from  that  of  Rnmf ord  and  Davy  ?  What  condosions  did  he  dednce  ftam 
his  views  t  Who  first  made  an  exact  determination  of  the  mechanical  equivalent  ?  Describe 
some  of  the  methods  he  employed.  How  long  did  he  devote  hlmsdf  to  the  snbject  ?  What  did 
he  consider  on  the  whole  the^most  exact  resolt  t  Deflue  predsely  what  ]rou  understand  by  the 
"mechanical equivalent  of  heat."  Ulnstrate.  What  is  a  " foot-pound  r ''  What  is  a  " horse- 
power ?  "  What  are  the  equivalent  French  units  of  measnrement  f  What  is  a  meier>kiIogmm  ! 
What  constitutes  a  French  horse-power  f  How  does  it  differ  from  the  English  r  What  system 
is  used  in  this  work  ?  Define  exactly  what  you  understand  by  a  "heat  unit."  What  do  yoa 
understand  by  "  calorie  ?  "  Do  we  use  the  term  calorie  in  this  book  ?  Why  not  t  What  is  the 
mechanical  equivalent  in  foot-pounds  for  Fahrenheit  scale  ?  What  for  Centigrade  scale  r  What 
is  it  in  French  measure  ?  Show  how  to  reduce  one  to  the  other.  Define  exactly  what  yoa 
nnderstand  by  "  thermal  equivalent  of  work."    lUuatnte. 

What  work  is  necessary  to  raise  2  kilograms  of  water  from  0°  to  100^  C.  f  What  horse-power 
(French)  is  required  to  perform  this  work  in  90  minutes  ?  What  work  is  necessary  to  raise  S 
pounds  of  water  from  0"  to  100«  C.  f  FK>m  0*  to  100**  F.  ?  Wliat  horse-power  Is  required  in  each 
case  to  perform  these  works  in  80  minutes  ?  "^ow  do  yoa  reduce  Centigrade  degrees  to  Fahren- 
heit, and  vice  venaf  Define  "work."  What  other  term  is  sometimes  employed?  What 
methods  did  Him  employ  in  order  to  determine  the  mechanical  equivalent  f  Did  it  confirm  the 
result  obtained  by  Joule  f  Is  the  mechanical  equivalent  constant  f  Were  it  to  vary,  what  impos- 
sible result  could  you  logically  dednce  f  (See  Inirodnctkm.)  Deduce  this  consequence.  (Inir.) 
Is  perpetual  motion  possible  f  Why  not  ?  (fiUr.)  Are  you  fully  satisfied  of  this  ImpoaslbUilgrf 
(/fUr.,  IfdUe,)    Can  any  scheme  for  attaining  it  rightfully  claim  attention  f   Why  not  ? 

Give  instances  tf  mechanical  worit  performed  by  heat.  Describe  Joule^s  experiments  in  this 
direction.  When  air  expands  why  does  its  temperatnre  fall  ?  When  it  expands  into  a  vaonnm 
does  its  temperatnre  fall  f  Why  not  f  Describe  Joule's  experiment  here.  Under  what  circum- 
stances does  the  temperature  remain  constant  in  this  expeiiment  t  Under  what  does  it  vary  T  Is 
this  in  full  accord  with  oar  principle  f 

Who  first  proved  this  principle  for  steam  f  How  was  It  done  f  What  sources  of  error  must 
be  gnarded  against  ?  Enumerate  In  order  the  prindpal  steps  of  the  experiment  Does  this 
experiment  afford  additional  proof  of  the  correctness  of  onr  principle  ?  What  other  apparatas 
Illustrates  It  f  Explain  the  secret  of  Its  action.  Are  you  convinced  that  onr  principle  is  the 
expression  of  a  natural  law  f  What  do  yon  understand  by  a  "natural  law  f"  State  condaely 
the  law  of  equivalence  of  heat  and  work.  What  do  yon  understand  by  "  equivalence  f  "  Are 
things  equivalent  necessarily  identical  ?  Is  our  numerical  determination  exact  f  If  not,  would 
that  affect  your  belief  In  the  truth  of  the  law  f  Why  ?  What  did  Davy  and  Romford  suspect 
"  heat "  to  consist  of  ?  What  do  you  understand  by  "  work  ?  "  If  their  suspicions  were  correct, 
how  would  "heat"  differ  from  "work  ?"  Does  the  proof  or  truth  of  our  prindple  rest  upon 
•nysnchhypotheaii!  Does  it  reit  upon  any  hypothesis  f  ArayoaflimlyoQiiTliiGedof  itaj 
aaty  and  troth  f 


OHAPTEB  H 

HE^T  A  KIND  OF  MOTION. 

Fbok  what  has  been  said,  we  may  regard  it  as  settled  that 
with  a  certain  amount  of  mechanical  work  we  can  always  gen- 
erate a  certain  amonnt  of  heat,  and  inversely,  that  with  a  cer- 
tain amount  of  heat  a  definite  amount  of  mechanical  work  can 
be  produced ;  that  the  amount  of  heat  which  can  raise  the  tem- 
perature of  one  kilogram  of  water  one  degree  is  equivalent  to 
a  mechanical  work  of  424  meter-kilograms,  and  that,  inversely, 
by  the  expenditure  of  this  work  one  kilogram  of  water  can  be 
heated  one  degree. 

It  now,  such  an  equivalence  exists  between  heat  and  mechan- 
ical work,  we  are  compelled  to  assume  that  heat  is  properly 
nothing  else  than  mechanical  work  in  another  form.  And  since 
heat  is  possessed  by  bodies,  since  it  can  enter  from  without 
into  bodies,  we  must  expect  to  find  here  something  similar  or 
equivalent  to  mechanical  work.  We  must  therefore  assume 
that  either  the  atoms  of  a  body,  or  the  molecides  or  groups  of 
atoms,  or  that  some  other  substance  between  the  atoms  is  set 
into  some  sort  of  motion.  Such  a  substance  is  the  ether ^  which 
is  universally  regarded  as  the  medium  for  the  transmission  of 
light 

One  theory,  appli<^able  to  gaseous  bodies,  was  first  pro- 
pounded by  Daniel  BemoullL  This  was  further  developed  by 
Kronig  and  Clausius,  and  applied  to  solid  and  liquid  bodies 
also.    It  numbers  at  present  the  most  adherents. 

Another  theory,  which  was  at  an  earlier  period  the  most 
widely  accepted,  is  due  especially  to  Poisson  and  Oauchy,  and 
was  developed  principally  by  Bedtenbacher. 

Reitenbacker*8  Theory. — ^According  to  Bedtenbacher  the  body 
atoms  attract  each  other,  while  between  the  ether  atoms  there 
is  a  mutual  repulsion.     The  body  atoms  are  incomparably 
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larger  than  the  ether  atomsy  and  these  last  have  inertia^  but 
are  not  affected  by  grayitj. 

In  consequence  of  these  properties  each  body  atom  is  sur- 
rounded with  an  envelope  of  ether  atoms.  In  proximity  to  the 
atom  this  envelope  has  its  greatest  density,  which  diminishes 
with  the  distance  from  the  center.  Thus  tiie  ether  surrounds 
each  atom  just  as  the  atmosphere  surrounds  the  earth,  pro- 
vided that  the  atoms  are  round.  An  atom  with  its  envelope 
Bedtenbacher  calls  a  "  dynamide.**  Between  every  two  dyna- 
mides  there  is  a  space  incomparably  greater  than  the  dynamide. 

The  heat  of  a  body  consists  now  in  a  pulsating  motion  of  the 
ether  envelopes.  It  is  assumed  that  each  ether  atom  vibrates 
in  the  direction  of  the  radius  of  the  dynamide.  The  quicker 
and  stronger  the  pulsations  of  the  envelope,  so  much  the  hotter 
is  the  body. 

If  the  attraction  of  the  body  atoms  is  equal  to  the  repulsion 
of  the  ether  envelopes,  the  body  is  either  solid  or  liquid.  I^ 
on  the  .other  hand,  the  repulsive  force  of  the  latter  is  greater 
than  the  attractive  force  of  the  former,  the  body  is  gaseous. 

In  the  solid  state  the  body  atoms  are  generally  closer  to- 
gether than  in  the  liquid ;  their  mutual  attractions  are  greater, 
the  ether  envelopes  are  denser,  and  their  atoms  vibrate  through 
shorter  distances.  Displacement  of  the  particles  is  thus  dif- 
ficult A  complete  union  of  the  atoms,  however,  cannot  occur, 
for  the  nearer  the  atoms  approach,  the  greater  is  the  repulsion 
of  the  ether  envelopes,  until  finally  there  is  again  equilibrium 
between  attraction  and  repulsion. 

As  now  the  ether  envelopes  of  a  solid  body  pulsate  faster 
and  stronger,  or  as  the  body  becomes  warmer,  the  body  atoms 
recede  from  each  other,  their  attraction  becomes  less,  until 
finally  ever  so  small  a  force  can  displace  the  particles.  The 
body  is  then  liquid. 

When  the  ether  envelopes  no  longer  pulsate,  that  is,  when 
there  is  no  motion  within  the  body,  the  body  possesses  no 
heat — ^it  is  then  dbaclttidy  colUL  We  shall  soon  see  to  what 
degree  of  the  thermometer  this  "  absolute  zero  *'  of  temperature 

corresponds. 

« 

Other  View8  as  to  the  Nature  of  HeaJL — ^The  other  view  as  to  the 
nature  of  heat  starts  also  with  the  assumption  that  the  atoms, 
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or  groapB  of  atoms,  the  so-called  molecules,  are  set  into  vibra- 
tory motion.  This  yiew,  as  already  indicated,  was  indorsed  by 
the  famous  English  chemist  Sir  Humphry  Dayy.  He  says,  in 
his  treatise  upon  heat  and  light,  that  heat,  or  that  force  which 
prevents  the  direct  contact  of  the  body  atoms,  and  gives  rise  to 
the  sensations  of  heat  and  cold,  may  be  defined  as  a  special, 
and,  in  all  probability,  vibrating  motion  of  the  body  atoms 
which  tends  to  separate  them.  This  may  be  called  a  repulsive 
action.  Since  there  is  also  an  attractive  force,  we  may  con- 
ceive the  body  atoms  as  acted  upon  by  two  opposite  forces, 
that  of  attraddon  and  that  of  repulsion.  The  first  of  these 
forces  is  the  combined  action  of  cohesion,  which  strives  to  hold 
the  atoms  in  contact ;  of  gravity,  which  tends  to  collect  them 
into  masses,  and  of  the  pressure  exerted  by  exterior  bodies. 
The  second  of  these  forces  is  due  to  a  certain  vibrating  motion 
which  tends  to  keep  them  apart,  and  which  may  be  generated, 
or  rather  increased,  by  friction  or  impact  The  action  of  cohe- 
sion, in  causing  the  body  atoms  to  approach,  is  precisely  similar 
to  the  attraction  of  gravitation  upon  the  large  masses  of  the 
universe,  and  the  repulsive  force,  to  the  centrifugal  force  of  the 
planets.  In  his  **  Chemical  Philosophy ''  also,  Davy  says  that 
all  the  phenomena  of  heat  can  be  explained  by  assuming  that 
in  solid  bodies  the  atoms  are  in  a  permanent  condition  of  vibra- 
tory motion,  and  that  these  vibrations  become  more  rapid  and 
larger  as  the  temperature  increases  In  liquid  and  gaseous 
bodies  we  must  assume  that  the  atoms,  besides  their  vibratory 
motion,  have  also  a  motion  around  their  axes,  and  that  both 
these  motions  are  greatest  in  gaseous  bodies. 

According  to  Clausius,  who  has  contributed  much  to  the 
development  of  the  mechanical  theory  of  heat,  it  is  less  the 
atoms  themselves  than  the  groups  of  atoms,  or  the  molecules, 
which  are  in  motion.  The  manner  in  which  the  atoms  combine 
to  form  a  molecule,  and  the  form  of  the  same,  determine  the 
properties  of  the  body.  Hence  it  may  happen  that  the  same 
simple  bodies  or  elements  possess  now  these,  now  those  prop- 
erties, and  thus  we  may  have  the  so-called  allotropic  condi- 
tion. It  is  evident  that  in  chemically  compound  bodies  also 
there  may  be  such  a  various  grouping  of  atoms ;  indeed,  in  such 
case  the  variety  of  grouping  can  be  even  greater. 

While  now,  in  solid  bodies,  there  is  in  all  probability  a  vibrat- 
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ing  motion  of  the  molecules,  we  are  obliged  to  asstime  in  liquids 
a  rotating  motion  also,  since  in  such  bodies  a  molecule  easily 
separates  from  its  neighbors. 

The  vaporization  of  liquids,  according  to  this  yiew,  may  be 
explained  as  follows : 

As  heat  is  imparted  to  a  liquid  so  that  the  velocity  of  vibra- 
tion becomes  greater  and  greater,  and  the  force  of  cohesion 
ever  less  and  less,  the  molecules  finally  break  loose  and  move, 
like  the  particles  of  gaseous  bodies,  in  straight  lines.  This 
may  be  illustrated  by  an  experiment  Suppose  at  the  end  of  a 
spiral  spring  a  weight  fastened,  and  one  end  is  held  in  the  hand 
while  the  weight  is  swung  round  in  a  circle.  The  spring  will 
be  extended  and  the  weight  will  recede  as  the  velocity  increases 
Finally  the  centrifugal  force  becomes  greater  than  the  tenacity 
of  the  spring,  which  then  breaks,  and  the  weight  flies  off  in  a 
tangential  direction. 

As  the  attractive  force  of  the  molecules  is  not  the  same  for 
different  liquids,  some  require  more,  some  less  heat  to  convert 
them  into  vapor. 

It  is  also  evident  that  vaporization  takes  place  more  rapidly 
at  the  surface  of  a  body  than  in  the  interior,  because  the  mole- 
cules are  not  restrained  by  the  pressure  of  those  above.  Thus, 
if  the  centrifugal  force  of  a  molecule  in  the  interior  of  a  body  is 
not  sufficient  to  overcome  the  action  of  those  above  ity  it  is 
obliged  to  retain  its  earlier  vibratory  or  rotating  motion  which 
it  possessed  as  a  liquid  molecule.  In  such  case  we  say  that 
the  liquid  "  simmers."  Further,  it  is  evident  that  the  air  mole- 
cules which  impinge  against  the  surface  of  the  liquid  must 
partially  impede  the  process  of  vaporization.  We  say  partially, 
because  we  assume  that  there  are  large  spaces  between  the  air 
molecules  through  which  the  liquid  molecules  can  move.  Yet 
it  may  often  happen  that  an  air  molecule  comes  in  contact  with 
a  liquid  molecule  just  as  it  is  about  to  leave  the  surface.  If 
therefore  the  density  of  the  air  diminishes,  or  if  it  is  entirely 
removed,  the  vaporization  goes  on  quicker  for  the  same  tem- 
perature, more  particles  breaking  loose.  These  results  are,  as 
we  know,  confirmed  by  experience. 

When  vaporization  takes  place  in  the  interior  of  a  liquid,  the 
centrifugal  force  of  the  molecules  must  be  so  great  as  to  over- 
come the  pressure  upon  them.    This  pressure  consists  not  only 
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of  the  weight  of  Buperincnmbent  liquid,  but  also  of  the  press- 
ure of  the  air  upon  the  surface  of  the  liquid.  The  centrifugal 
force  must  therefore  be  greater  the  deeper  the  molecules  lie 
beneath  the  surface.  If  they  still  break  loose,  their  centrifugal 
force  must  be  equal  to  the  pressure  of  the  air,  increased  by  the 
weight  of  superincumbent  liquid — and  hence  it  may  be  that» 
for  instance,  in  deep  vessels  the  same  mass  of  water  is  made  to 
boil  with  more  difficulty  than  in  shallow. 

Ijet  us  now  notice  briefly  how  combustion  is  regarded.  We 
may  call  attention,  first,  to  the  following  observations : 

If  we  allow  a  weight  to  fall  from  a  certain  height  upon  a 
plate  of  lead  or  iron,  its  living  force  is  entirely  or  partially 
destroyed  by  the  impact,  according  as  the  bodies  are  entirely 
or  partially  inelastic  But  if  we  now  examine  the  plate,  we 
shall  find  that  it  has  been  heated,  and  heated  more  accordii^ 
as  more  of  the  living  force  of  the  weight  has  disappeared.  The 
mechanical  work  inherent  in  the  weight  has  thus  been  trans* 
formed  after  impact  into  heat 

Li  combustion  the  process  is  similar,  but  instead  of  large 
m&ases  we  have  here  to  do  with  body  particles  which  elude 
observation  even  with  the  microscope.  Thus  when  we  heat, 
for  example,  pure  carbon,  the  particles  are  not  only  set  into 
much  more  rapid  vibration,  that  is,  their  living  force  increased, 
bat,  at  the  same  time,  they  recede  from  each  other.  It  is  thus 
more  easy  for  the  impinging  oxygen  atoms  to  penetrate  between 
the  atoms  of  carbon,  and  by  reason  of  greater  adhesion  to  unite 
with  them.  By  this  impact  the  rectilinear  motion  of  the  oxy- 
gen atoms  is  transformed  into  the  vibratory  or  rotating  motion 
of  the  carbon  molecules,  that  is,  generates  heat.  At  tibe  same 
time  every  carbon  atom  unites  with  two  oxygen  atoms  to  make 
a  molecule  of  carbonic  acid,  which  then  takes  a  rectilinear 
motion. 

Heat  Condnction  and  RadiaiioTU — ^In  the  foregoing  we  have 
briefly  reviewed  the  different  views  as  to  the  nature  of  heat, 
and  have  sought  to  explain  some  of  the  best  known  phenomena 
in  accordance  with  these  views.  Let  us  now  inspect  somewhat 
more  closely  the  phenomena  of  radiation  and  conduction,  in 
order  to  deduce  tiiat  the  heating  of  a  body  isnot  ao  much  the 
motion  o/ ether  envdopea,  bui  rather  consists  in  a  greater  vdocUy  of 
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vibraJtion  of  the  body  mdleciiles.  Although  the  facts  are  faTniliar 
to  US  all,  yet  it  may  not  be  oninteiestiiig  to  call  attention  to 
them  again. 

We  say  that  a  body  is  heated  by  conduction  when  it  receiTes 
heat  from  another  with  which  it  is  eitiber  in  direct  contact  or 
by  the  intervention  of  another. 

In  such  case  the  molectdes  of  the  warmer  body  impart  their 
greater  liying  force  in  part  to  those  of  the  colder,  until  the 
molecules  of  both  possess  the  same  living  force,  or  are  equally 
warm. 

A  body  is  heated  by  radiation  when  it  receives  heat  from 
another  without  the  intervention  of  a  third.  If,  for  example, 
we  stand  near  a  hot  stove,  or  expose  ourselves  to  the  sun's  rays, 
we  receive  heat  even  when  the  surrounding  air  is  cold.  Heai 
rays  must  therefore  proceed  from  the  source  of  heat,  just  like 
light  rays  from  a  source  of  light,  which  rays  excite  in  us  the 
sensation  of  heai 

The  researches  of  physicists  have  shown  that  these  heat  rays 
follow  the  same  laws  as  those  of  light ;  that»  for  example,  they 
are  in  similar  manner  reflected  and  refracted,  and  show  the 
same  phenomena  of  interference  which  have  made  us  acquainted 
with  the  nature  of  light. 

We  may  at  present  assume  with  oertainiy  that  light  rays  are 
propagated  in  a  similar  manner,  and  arise  in  a  similar  manner, 
to  sound  waves  in  the  air  or  water  waves  in  the  water. 

Luminous  bodies  possess  the  power  of  putting  into  vibration 
the  ether  which  pervades  all  space  and  all  bodies.  These  vibra- 
tions reach  our  eyes,  excite  the  retina,  and  thus  cause  sight 
Just  as  high  tones  are  caused  by  quicker,  and  low  tones  by 
slower  vibrations  of  the  sounding  body  and  of  the  air,  so  differ- 
ent colors  are  caused  by  quicker  and  slower  vibrations  of  the 
ether. 

Since,  now,  radiant  heat  follows  the  same  laws  as  light,  we 
must  attribute  its  origin  and  transmission  to  the  vibrations  of  the 
ether  aJtoma.  Of  this  the  following  experiment  will  convince  us : 

If  we  allow  a  ray  of  light  to  enter  a  dark  room  through  an 
aperture,  and  to  pass  through  a  triangular  prism  held  in  front 
of  the  aperture,  the  ray  will  be  not  only  deviated  or  refracted, 
but  the  ray  originally  white  will  be  split  up  into  various  colors, 
of  which  we  may  distinguish  especially  seven,  the  so-called 
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prismatio  colors,  or  colors  of  the  rainbow.  All  the  colors  bear 
the  name  of  **  spectmm/'  and  when  obtained  by  the  decomposi- 
tion of  the  son's  rajs,  of  the  solar  spectrum. 

Without  the  prism,  we  obtain  a  light  strip  upon  the  screen, 
of  the  form  of  the  aperture,  in  the  straight  line  drawn  from  the 
aperture  to  the  sun.  With  the  prism,  the  light  strip  is  very 
much  broader,  is  deviated  toward  the  refracting  angle  of  the 
prism,  and  is  yiyidlj  colored.  The  colors,  beginning  with  those 
least  refracted,  are  red,  orange,  yellow,  green,  blue,  indigo  blue, 
and  violet. 

If  we  examine  the  spectrum  formed  upon  the  screen  with  a 
sensitive  thermometer,  or  a  thermo-electric  pile,  which  shows 
least  differences  of  temperature,  we  shall  find  that  the  violet 
rays  have  the  least  heating  power,  and  the  red  the  greatest 
Indeed,  if  we  examine  beyond  the  red  rays,  where  no  color  can 
be  perceived,  we  find  that  the  heat  is  still  greater  than  in  the 
spectrum  itself,  and  these  invisible  rays  extend  beyond  the 
spectrum  a  distance  about  equal  to  its  own  length.  Thus  the 
so-called  heat  spectrum  has  about  double  the  length  of  the 
color  spectrum. 

Hence  it  appears  that  the  heat  rays  are  less  refracted  than 
the  light  rays,  since  they  are  less  deviated. 

For  the  sake  of  completeness  we  may  also  add  the  following: 

If  we  extend  our  examination  beyond  the  violet,  we  find  here 
rays  which  have  the  greatest  influence  upon  chemical  combina- 
tions. In  fact,  these  rays  have  the  most  powerful  photographic 
effect,  and  hence  they  constitute  the  chemical  spectrum. 

Physicists  have  computed  that  for  red  light  the  ether  must 
make  not  less  than  481  billion  vibrations  in  a  second,  while  for 
violet  light  764  billions  are  necessary.  The  heat  rays,  then, 
are  caused  by  ether  vibrations,  on  the  whole  less  than  481  bil- 
lion per  second.  On  the  other  hand,  the  number  of  vibrations 
of  the  chemical  rays  is  more  than  764  billion  per  second. 

When,  now,  the  vibrating  ether  meets  a  body,  it  sets  in  vi* 
bration  either  the  ether  existing  in  the  body,  or  the  atoms  of 
the  body,  or  both.  If  the  ether  in  a  body  is  so  constituted  that 
it  can  transmit  the  vibrations  which  it  receives  from  white  light, 
it  is  transparent  and  colorless.  If  it  can  only  transmit  those 
vibrations  which  it  receives  from  tiie  violet  rays,  while  the 
others  are  lost,  it  appears  violet  in  color,  and  so  on.    In  an 
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opaque  body  the  ether  is  so  oonstitated  that  it  cannot  trans- 
mit the  vibrations  communicated  to  it  by  a  source  of  light. 

While,  now,  those  ether  vibrations  generated  by  a  source  of 
light)  and  which,  we  must  assume,  possess  a  greater  Telocity 
but  a  less  amplitude  of  vibration  than  heat  rays,  set  into  vi- 
bration the  dher  contained  in  bodies,  it  is  those  vibrations 
which  arise  from  a  source  of  heat,  and  which  have  a  less  veloc- 
ity but  a  greater  amplitude  of  vibration,  which,  chiefly  by  im- 
pact, set  the  atoms  of  a  body  into  vibration,  and  thus  heat  it 
Since,  however,  the  heat  spectrum  is  about  double  the  length 
of  the  light  spectrum,  and  since,  therefore,  there  are  heat  rays 
of  different  refrangibility  and  velocity  of  vibration,  we  might 
expect  that  the  molecules  of  one  and  the  same  body  are  differ- 
ently excited  by  different  heat  rays,  and  the  body  differently 
heated — ^indeed,  that  certain  heat  rays  may  not  excite  the  mole- 
cules of  certain  bodies  at  all,  but  only  the  contained  ether,  and 
thus  that  these  bodies  are  not  heated  by  such  rays.  Science 
furnishes  a  number  of  confirmations  of  this  conclusion. 

If,  for  example,  we  let  fall  upon  a  plate  of  fluor-spar  of  about 
2.6  millimeters  in  thickness,  rays  from  various  sources,  such  as 
the  electric  lamp,  glowing  platinum,  heated  copper,  the  heat 
transmitted  is  found  to  be  in  each  case  as  the  numbers 

78  :  69  :  42. 

Thus  the  rays  from  the  lamp  excite  the  ether  in  the  fluor- 
spar more  than  the  atoms  or  molecules,  while  those  from  the 
copper  act  inversely. 

Still  more  striking  is  the  transmission  of  different  heat  rays 
by  beryl,  calkspar,  rock-crystal,  eta 

Different  bodies  also  transmit  different  amounts  of  heat  from 
one  and  the  same  source.  Thus,  for  example,  clear  rock-salt 
transmits  92  per  cent,  of  the  rays  from  the  electric  lamp,  fluo]> 
spar,  on  the  other  hand,  only  78,  colorless  alum  9,  and  very 
dear  ice  only  6  per  cent. 

Of  all  bodies  rock-salt,  and  air  especially,  transmit  equally 
well  rays  from  different  sources. 

Following  Melloni,  an  Italian  physicist  to  whom  we  are  in- 
debted for  valuable  researches  upon  radiant  heat,  we  call  those 
bodies  which  transmit  the  heat  rays,  diathermanous,  and  those 
which  do  not,  athermanous. 
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If  a  body  cannot  transmit  through  its  mass  the  heat  rays 
which  strike  its  sorfacey  these  rays  are  either  reflected,  accord- 
ing to  the  same  laws  as  light  rays,  or  they  are  absorbed  and 
heat  the  body.  The  greater  the  amount  of  heat  transmitted, 
the  less  is  that  absorbed.  Thus,  for  example,  rock-salt  becomes 
heated  but  little  when  exposed  to  the  sun's  rays  or  other  sources 
of  heat,  because  it  is  very  diathermanous,  while  smoked  glass, 
which  transmits  but  few  rays,  is  heated  much  more. 

Hence  it  follows  that  in  absorption  of  heat,  also,  there  is  con- 
siderable difference  among  bodies,  and  that  the  same  body  does 
not  receive  equal  amounts  of  heat  from  different  sources.  Thus 
while,  for  example,  soot  absorbs  almost  completely  the  rays 
from  the  electric  light,  white  lead  absorbs  only  0.53,  shel-lac 
only  0.43,  and  a  metal  surface  only  0.14 

On  the  other  hand,  the  absorption  power  of  white-lead  for 
rays  from  the  electric  light,  from  glowing  platinum,  or  from 
copper  heated  up  to  400°,  is  as 

53  :  66  :  89. 

The  same  holds  for  most  other  bodies.  Soot  alone  seems  to 
absorb  equal  amounts  of  heat  from  all  sources.  Just  as  in 
respect  to  light  it  is  perfectly  opaque,  so  is  it  in  respect  to  the 
heat  rays. 

I^  now,  we  investigate  the  heat  rays  which  a  body  heated  by 
absorption  again  emits,  we  shall  find  that  these  rays  are  en- 
tirely independent  of  the  uature  or  quality  of  those  absorbed. 
Yery  extensive  experiments  have  shown  that  the  heat  rays 
emitted  by  a  body  are  alvxxya  the  eame^  whatever  the  source  from 
which  the  body  is  Jiea,tedf  whether  the  dedric  lampy  ghwing  platinum^ 
or  even  contact  with  a  warmer  body. 

This  seems  to  indicate  plainly  that  the  heat  rays  absorbed 
by  a  body  are  completely  altered  in  character.  It  seems  also 
indicated  by  the  fact  that  the  absorbed  heat  is  propagated  very 
slowly  in  the  interior  of  a  body,  while  the  radiant  heat  has  a 
velocity  equal  to  that  with  which  heat  travels  through  air  and 
space — a  velocity  probably  not  less  than  that  of  light  itself. 

We  can  therefore  hardly  assume  that  the  heating  of  a  body 
by  absorption  of  heat  rays  consists  in  setting  the  body  ether 
into  more  rapid  vibration ;  for  in  such  case  it  would  be  hard  to 
see  why  the  heat  is  not,  as  in  diathermanous  bodies,  entirely  or 
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partiallj  transmitted,  and  why  the  propagation  in  the  body  is 
so  slow.  It  is  much  more  probable  that  the  atoma  or  mdecfdn 
of  cAhermaruma  bodies  are  eocciied  by  the  impinging  heat  ray 8^  and 
put  into  quicker  vibration^  and  that  this  is  the  oauae  of  the  heaHng. 
This  oonolnsion  seems  not  without  interest 


QUESTIONS  FOB  EXAMINATION. 

What  amoimt  of  work  i§  required  to  ndee  the  temperatare  of  one  kUogram  of  water  ona 
degree  1  How  maDy  poands  make  a  kilogram  !  What  two  theorlee  are  there  r  Olve  Redtan- 
bacher'8  theory.  What  do  yoa  andersUod  by  "  atom  V  "  What  by  **  ether  ?  "  What  by  **  mole- 
cule r  "  What  by  "  dynamlde  ?  "  In  what  does  the  heat  of  a  body  consist  according  to  Bedten- 
bacher  f  Under  what  conditions  Is  the  body  solid  or  liquid  f  When  gaseous  ?  What  was 
Davy's  view  f  How  did  Clausius  differ  ?  Explain,  according  to  this  view,  the  solid,  liquid, 
and  gaseous  states.  In  what  respects  does  experience  confirm  it  ?  How  is  combustion 
explained  f  When  is  a  body  heated  by  conduction  ?  What  Is  the  theoretical  process  f  When 
Is  a  body  heated  by  radiation  f  Explain  the  process.  What  are  heat  rays  f  What  facts  prove 
that  heat  and  light  rays  are  identical  f  What  is  the  solar  spectrum  1  What  different  rays  do 
we  distinguish  in  Itt  What  physical  dlflference  is  there  between  the  heat,  light,  and  chemical 
rays  ?  What  physical  similarity  t  What  facU  go  to  prove  that  k  Is  the  motion  of  the  molecules 
of  a  body  rather  than  its  contained  ether  atoms  which  constitute  its  heat  f  When  is  a  body 
■aid  to  be  transparent?  Opaque?  Athermanoos?  Dlathermanons  ?  Are  the  heat  rays  emitted 
from  a  body  always  the  same  in  kind  ?  What  does  this  indicate  ?  What,  then,  seems  most 
probably  to  constitute  the  heat  of  a  body  ?  Are  good  radiators  of  heat  good  absorbers  ?  Why  ? 
Explain  now,  in  detail,  your  ideas  of  the  heating  of  a  body  by  a  distant  source,  and  the  processes 
of  radiation  and  conduction.  Do  these  or  any  other  theoretical  views  affect  in  any  degree  the 
validity  of  our  general  principle  of  the  equivalence  of  heat  and  work  ?  Does  our  principle 
depend  upon  any  hypothesis  as  to  the  nature  of  heat  ?  Upon  what  does  It  depend  ?  Have 
theee  vlewi  any  value  f 
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Whatbveb  maj  be  the  motion  in  the  interior  of  a  body, 
whether  a  motion  of  ether  envelopes  according  to  the  views  of 
Bedtenbachery  or  a  motion  of  the  molecules  as  assumed  by 
Chuudns  and  most  other  physicists ;  whatever  may  be  the  char- 
acter of  the  motion,  this  much  at  least  is  established — ^that 
heat  is  some  sort  of  motion  of  the  particles,  atoms,  or  mole- 
cules. If  the  mass  of  a  particle  is  m,  and  its  velocity  t;,  then 
imtT*  is  its  living  force.  If  we  assume  the  entire  weight  of  the 
body  to  be  (7,  then 

is  the  entire  inner  living  force  of  the  body,  or  its  entire  '^  inhere 
tad  energy ^^  if  i;  is  the  mean  velocity  of  an  atom. 

The  imparting  of  heat  to  the  body  has,  in  general,  three 
effects. 

IM.  The  temjperaiure  (/  the  tody  rises — t^  '^aenstUe  heat**  is  irir 
creotsedm 

2d.  The  body  expands — its  vdume  is  increased. 

Zd.  In  this  expansion  the  exterior  pressvnre — generally  thai  of  the 
atmoephere — is  overcome. 

Differeni  Works  performed  hy  the  Heat. — ^We  see,  then,  that  the 
heat  performs  a  threefold  work. 

IsL  Since  the  rise  of  the  temperature  consists  in  an  increase 
of  the  living  force  of  the  particles,  it  must  perform  a  work 
equivalent  to  this  increase. 

2d.  Since  the  molecules  mutually  attract  each  other,  a  cer- 
tain work  is  necessary  to  alter  their  mutual  positions ;  or,  what 
18  the  same  thing,  to  move  their  common  center  of  gravity. 

3d.  Since  the  body  is  pressed  upon  on  all  sides  by  the  air,  a 
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certain  work  is  required  to  overcome  this  pressure  througli  a 
certain  distance. 

That  work  which  goes  to  increase  the  velocity  of  the  mole- 
cules, and  therefore  to  increase  the  sensible  heat  of  the  body, 
we  call  the  **  vibration  ux>rk"  while  that  work  which  is  neces- 
sary to  displace  the  particles  we  call  the  "  disgregation  worW^ 

Oilier  and  Inner  Worh — Since,  in  the  practical  applications  of 
the  mechanical  theory  of  heat,  that  work  necessary  to  overcome 
the  outer  pressure  is  of  especial  importance,  we  shall  follow 
Sinner,  and  call  the  work  which  increases  the  velocity  of  vibra- 
tion, together  with  that  which  changes  the  aggregation  of  the 
particles,  that  is,  the  '^ vibration  work"  and  the  "disgregation 
work,"  the  "  inner  work^''  while  we  shall  call  the  other,  which 
overcomes  the  outer  pressure,  the  ^'  outer  tporh" 

Starting,  then,  from  the  experimentally  proved  law  that 
*^  Heat  and  mechanical  work  are  equivalent,"  we  can  lay  down 
the  following  most  important  fundamental  principle  of  the  me- 
chanical theory  of  heat : 

The  amount  of  heat  {expressed  in  heat  units)  imparted  to  a  body 
is  directly  proportional  to  the  simtManeovsly  produoed  inner  and 
ovter  tuork. 

Specific  Vdume — Specific  Pressure. — In  our  discussions  we 
shall,  in  general,  take  the  kilogram  (about  2.2  pounds)  as  the 
unit  of  weight  The  volume  of  any  body  of  this  weight  we 
call  the  spec^  voluine,  and  shall  denote  it  by  v.  F  indicates 
the  volume  of  a  body  which  weighs  more  or  less  than  just  one 
kilogram.  The  pressure  upon  each  square  meter  of  surface 
of  any  body  we  call  the  specific  pressure,  and  shall  denote  it 
hjp.  We  therefore  assume  that  the  pressure  upon  each  unit 
of  surface  is  the  same.  We  also  assume  in  what  follows  thai 
the  pressure  upon  the  interior  of  the  surface  of  a  hody,  at  any  in- 
stanty  is  just  equal  to  the  outer  pressure,  or  varies  from  it  by  an 
infinitdy  small  amount.  That  is,  the  ''body  tension"  is  at  any 
moment  just  equal  to  the  outer  pressure.  Whenever  we  de- 
viate from  this  assumption  we  shall  specially  indicate  it. 

\We  shall  do  well  to  distlDgniab  between  the  "bodj  tension"  and  the 
outer  pressure.  If  we  conceive  the  body  inclosed  bj  a  tight-fittlDg  envelope, 
or  skin,  the  tension  of  this  skin  is  the  body  tension.    This  maj  or  may  not  be 
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equal  to  the  external  pressare.  Unless  distinctly  stated  to  the  oontntrj,  we 
suppose  that  the  body  tension  at  any  moment  differs  from  the  outer  pressure 
only  by  an  indefinitely  small  amount,  and  hence  that  any  change  from  one 
state  to  another  Is  continuous,  and  therefore  reyersible.  The  outer  pressure  is 
thus  a  property  of  the  body. 

The  case  is  quite  different  when  we  assume  that  equilibrium  between  the 
outer  pressure  and  body  tension  does  not  exist  during  the  changes  of  condi- 
tion, and  therefore  that  equilibrium  is  only  attained  at  the  beginning  and  end 
of  the  change,  when  the  body  has  passed  from  one  condition  of  equilibrium  to 
another.  The  deportment  of  a  body  during  such  a  transition  is  evidently  of  a 
very  different  ebaractery  and  we  are  able  to  follow  the  transition  only  in  a  few 
special  cases,  in  which,  by  certain  assumptions  upon  the  law  of  change  of  the 
outer  pressure  (which  is  considered  quite  independent  of  the  body  tension),  we 
are  able  to  determine  the  final  condition  of  the  body  after  the  occurrence  of  a 
new  state  of  equilibrium.  The  two  cases  may  be  represented  by  a  rod,  which 
in  the  first  case  is  stretched  by  a  force  at  any  instant  greater  only  by  an 
infinitely  small  amount  than  the  force  with  which  at  that  instant  the  rod 
resists  extension,  and  in  the  second  case,  acted  upon  suddenly  by  a  constant 
force.    In  the  first  case  the  rod  is  gradually  extended,  and  the  work  of  ex- 

tenrion  can  be  easily  shown  to  be  -^ ,  where  G  is  th^  final  force  and  I  is  the 

extension.  In  the  second  case  it  can  be  shown  that  the  rod  is  elongated  twice 
as  far,  and  the  work  up  to  the  moment  of  greatest  elongaUon  is  20L  Further, 
the  end  of  the  rod  will  vibrate  up  and  down  like  a  pendulum  whose  length  is 
/,  and  finally  come  to  the  same  state  of  equilibrium  as  the  first. 

In  every  case,  therefore,  unless  otherwise  stated,  we  assume  that  during 
change  of  state  by  acoesrion  or  withdrawal  of  heat  the  outer  pressure  is  equal 
at  any  instant  to  the  body  tension.  Thus  in  the  case  of  a  gas  expanding,  it 
overcomes  a  pressure  just  equal  to  its  own  tension  or  pressure  upon  the  piston 
at  any  instant.  When  this  Is  the  case  the  change  of  state  Is  always  reversible, 
i.  e.,  by  compression  the  gas  passes  through  all  intermediate  states  in  reverse 
ocder  back  to  original  state.] 

FtmdaTnental  Eqvatvyns  of  the  Mechanical  Theory  of  HeaL—Ji^ 
now,  we  impart  to  the  unit  of  weight  of  any  bod j  one  heat  unit 
(that  ifl,  so  much  heat  as  will  raise  the  temperature  of  one 
kilogram  of  water  from  0°  to  l**  C),  we  increase  its  total  energy 
by  424  meter-kilograms ;  that  is,  the  increase  of  its  inner  and 
outer  work  is  equivalent  to  a  work  of  424  meter-kilograms. 
It  however,  we  impart  Q  heat  units,  then  the  work  performed 
npon  the  body,  or  received  by  it,  is  424  x  Q.  If  we  denote 
this  work  by  E,  we  have  for  the  energy  imparted  to  each  unit 
in  weight  by  the  reception  of  Q  units  of  heat, 

E^43AxQ, 

and  inversely, 

0  =  rfr  J5r. 
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The  fraction  f\jy  or  that  portion  of  one  heat  nnit,  or  that 

amount  of  heat  which  is  equivalent  to  one  unit  of  work,  we 

designate  in  general  by  A* 

We  thus  have 

Q^AxE. 

Ify  now,  W  is  that  portion  of  the  whole  energy  which  goes  to 
the  increase  of  the  vibration  work,  J  that  portion  which  goes 
to  disgregation  work,  and  L  that  portion  which  corresponds  to 
the  outer  work,  we  have  E=^W+  J  •¥  L^  and  hence 

Q^A{W+J+L) (L) 

Since  we  call  both  W  and  J  together  the  inner  work,  let  us 
represent  it  by  U,*  ox  U^W+  J,  and  we  then  have 

Q^AiU-^L) (H) 

Change  of  Sign  of  the  Terms  in  Equation  L — ^Now  in  Equation  L, 
any  one  or  more  of  the  terms  in  the  parenthesis  may  be  zero, 
or  may  be  negative.  In  such  case,  for  the  same  amount  of 
heat  imparted,  Q,  the  remaining  terms  must  be  greater.  We 
may  illustrate  by  a  few  examples. 

It  has  been  already  remarked,  that»  in  order  to  convert  ice  at 
0^  into  water  at  O"*,  not  less  than  about  80  heat  units  are  neces- 
sary. When,  therefore,  we  add  heat  to  the  ice,  we  do  not 
increase  its  vibration  work,  i.  e.,  its  sensible  temperature  at  all, 
but  the  heat  imparted  performs  disgregation  work  and  outer 
work  In  Equation  L,  therefore,  W  is  zera  This  is  the  case 
with  almost  all  other  bodies.  The  heat  which  thus  disappears, 
apparently,  since  it  is  not  sensible  to  the  thermometer  or  to 
our  nerves  while  a  body  is  melted,  we  call  the  ^*laJtefd  heat.*' 

The  experiments  of  Begnault  and  Person  give  the  latent  heat 
of  several  bodies  as  follows : 

Water 79.26       Tin  ... .  .14252       Zinc 28.13 

Phosphorus .  6.034       Lead 6.369       Mercury . .  2.83 

Sulphur. ....  9.368       Bismuth..l2.640 

In  j^assing  from  the  liquid  to  the  gaseous  state  heat  also 
disappears,  and  the  amount  thus  disappearing  is  in  general 
greater  than  in  liquefaction. 

•  [Kircholt  calls  the  quantity  TJHm  **  working  fonction  ;**  ThomMm, "  the  mechanical  eneigj  •  I 

of  A  body  in  A  given  state  ;*^  Claostna  nndentanda  Iqr "  Inner  woik**  only  that  portion  deno^ 
Jt  which  we  call  **  di^;regatlon  woik.**] 
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Thus,  for  example,  according  to  Brix,  the  latent  heat  of  steam 
is  640 ;  that  is,  to  convert  one  kilogram  of  water  at  100°  into 
steam  at  100%  640  heat  units  are  necessaiy ;  that  is,  just  as 
much  heat  as  is  required  in  order  to  heat  640  kilograms  of 
water  from  0""  to  I''.  Thus,  referring  to  theory,  a  greater  ex- 
penditure of  work  is  required  to  give  the  particles  a  rectilinear 
motion,  such  as  we  assume  for  gas,  than  to  impart  those  rotary 
motions  which  are  supposed  to  constitute  a  liquid. 

For  alcohol,  sulphuric  ether,  and  oil  of  turpentine,  Brix  found 
tiie  latent  heat  of  evaporation,  210,  89.96,  and  74.04,  respec- 
tively. 

If  we  heat  water  from  0""  to  4°,  it  does  not  expand,  as  is  gen- 
erally the  case  when  bodies  are  heated,  but  contracts,  and  thus 
the  molecules  approach  each  other.  The  outer  work  is  thus 
negative.  In  fact  the  outer  pressure  here  assists  the  heat,  so 
to  speak.  Without  this  pressure  we  would  have  to  impart 
more  heat  in  order  to  raise  the  same  water  up  to  4^.  If,  there- 
fore, we  increase  the  pressure,  the  heat  necessary  to  be  im- 
parted is  less. 

We  have  still  greater  contraction  when  we  convert  ice  at  O'' 
into  water  at  0^  Ermann  observed  that  the  volume  of  water 
at  0""  is  only  ^ths  of  that  of  the  ice  at  the  same  temperature. 
Here,  then,  the  outer  work  has  a  still  greater  negative  value, 
and  therefore,  under  increased  pressure,  the  latent  heat  of  the 
ice  ought  to  be  diminished,  i.  e.,  its  melting  point  lowered. 
Mayer  predicted  this  in  his  contributions  to  the  mechanical 
theory  of  heat,  and  the  experiments  of  Mousson  have  com- 
pletely confirmed  it.  This  physicist  showed  by  a  very  ingen- 
ious experiment  that  under  a  pressure  of  about  13,000  atmos- 
pheres the  melting  point  of  ice  was  lowered  about  IS"",  that 
therefore,  under  this  pressure,  ice  became  liquid  at  — 18% 
instead  of  0% 

Cast  iron  and  bismuth  also  contract  when  they  pass  from  the 
solid  to  the  liquid  condition.  The  most  striking  example  of 
contraction  when  heated  is,  according  to  Sir  William  Thom- 
son, shown  by  vulcanized  rubber.  When  a  tube  of  this  material 
is  fastened  at  one  end,  and  a  weight  of  ten  or  more  pounds  is 
hung  from  the  other,  this  weight  is  raised  by  heating  the  tube. 
We  see  here,  therefore,  yery  plainly,  that  the  outer  work  per- 
formed is  negative. 
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Increased  Pressure  can  also  Raise  the  Mdting  Point — li  a  body 
expands  tinder  the  action  of  heat,  this  expansion  will  be  less 
when  the  pressure  is  increased,  if  the  heat  imparted  is  the 
same  in  amooni  And  inversely,  if  the  expansion  is  the  same, 
more  heat  must  be  imparted.  If  a  body  in  melting,  then,  fol- 
lows the  general  rale  and  expands,  its  melting  point  must  rise 
when  it  is  subjected  to  a  greater  pressure.  In  this  case  the 
outer  work,  L  performed  during  expansion,  is  greater,  and 
accordingly  the  heat  imparted,  Q,  must  be  also  greater.  These 
theoretical  conclusions  are  also  confirmed  by  numerous  experi- 
ments. Thus  Hopkins  has  found  for  the  melting  point  of  vari- 
ous substances,  under  varying  pressures,  the  following  results : 

Preflsare 

in  At-  SpermaoetL  Wax.  Salpbnr.  Stoarine. 

moaplieres. 

1  6rO.         646^0.         107^0.         72.6^0. 

619  60°  745°  136.2°  73.6° 

792  80.2°  80.2°  140.6°  79.2° 

Heat  which  must  he  Imparted  to  Gases  wyder  different  GondiUons 
for  equal  Biseof  Temperature. — ^In  the  case  of  gases,  whose  mole- 
cules are  not  bound  together  by  mutual  attoractions,  no  work 
is  expended  in  changing  the  state  of  aggregation.  When,  there- 
fore, we  impart  heat  to  a  gas,  the  vibration  work  is  increased, 
and,  under  certain  circumstances,  outer  work  is  performed.    It 

is  not  difficult  here  to  do  away  with  the  outer 
work  also,  and  then  a  less  quantity  of  heat  is 
necessary  to  heat  the  gas  a  certain  number  of 
degrees  than  when  outer  work  is  performed  dur- 
ing the  expansion.  This  may  be  illustrated  by 
the  following  experiment : 

Suppose  that  air  is  inclosed  in  the  cylinder 
ABCD,  Pig.  9,  below  the  air-tight  piston  EF. 
When  the  air  is  heated  it  expands  and  raises  the 
piston.    The  heat  imparted  then  goes  to  increase 
the  vibration  work  and  to  perform  outer  work. 
YiQ.  9  ^      Let  us  now  make  the  piston  fast,  so  that  expan- 
sion is  impossible ;  then  the  outer  work  is  zero, 
and  less  heat  is  necessary  in  order  to  raise  the  air  the  same 
number  of  degrees  as  before. 
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We  can  easily  make  here  tbe  onter  work  negative.  We 
have  onlj  to  suppose  that,  while  the  air  is  being  heated, 
weights  are  gradnallj  applied  to  EFj  so  that,  in  spite  of  the 
rise  of  temperature,  the  piston  sinks,  and  the  air  is  com- 
pressed. The  work  performed  thns  by  the  sinking  piston  cor- 
responds to  a  certain  amount  of  heat,  and  the  whole  amount 
imparted,  in  order  to  raise  the  air  to  the  same  temperature, 
is  less  than  before  by  just  this  amouni 

Change  <^  the  FwndaTnefnJtdl  Equations  when  Heat  is  Abstracted. — 
If  we  take  heat  from  a  body,  inverse  phenomena  occur ;  the 
vibration  work  is  in  general  diminished,  and  there  is  there- 
fore a  decrease  of  temperature ;  also  the  molecules  approach 
nearer,  and  the  outer  work  is  negative.  Equation  L  accord- 
ingly takes  the  form 

Just  as  in  Equation  L  different  terms  in  the  parenthesis  can  be 
aero  or  negative,  so  here  different  terms  can  be  zero  or  pos- 
itive. 

We  have  an  example  in  the  case  of  water.  When  this  is 
cooled  from  A^  to  0°  it  does  not  contract,  but  expands,  the  outer 
work,  Ly  is  therefore  positive.  This  positive  outer  work  is  still 
greater  when  we  abstract  from  the  water  at  0^  its  latent  heat  of 
liquefaction,  and  thus  convert  it  into  ice  at  0"".  In  this  case 
{he  vibration  work,  or  sensible  heat,  remains  the  same,  and 
hence  W=0.  Since,  now,  fT  =  0,  and  L  is  positive,  J  must 
have  a  so  much  greater  negative  value,  that  is,  the  molecules 
are  the  more  strongly  attracted.  We  can  explain  this  only  by 
assuming  that  the  molecules  are  arranged  in  a  definite  and 
regular  manner,  that  is,  that  the  ice  has  a  crystalline  consti- 
tntion. 

As  in  the  freezing  of  most  other  bodies  there  is  a  contraction, 
the  outer  work  is  negative  when  the  latent  heat  of  liquefaction 
10  abstracted,  and  hence  the  decrease  of  the  vibration  work  is 
sero.  For  these  bodies,  for  the  same  withdrawal  of  heat,  the 
attraction  of  the  molecules  increases  relatively  less  rapidly  than 
for  water. 

Also,  when  steam  loses  its  latent  heat  of  vaporization  and 
becomes  liquid,  the  decrease  of  its  vibration  work,  or  its  sen- 
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sible  heat  is  zero.  As  we  say,  the  steam  is  comdensedf  since 
Bteam  occupies  a  very  much  greater  space  than  the  liquid  from 
which  it  is  generated,  the  outer  work,  L^  must  have  a  very 
great  negative  value. 

This  work  Papin  sought  to  utilize.  The  cylinder  ABCD^ 
Eig.  lOy  contained  water,  which  was  heated  until  all  the  air  was 

driven  out.  Then  the  fdr-tight  piston 
was  inserted,  and  cold  water  applied 
to  the  cylinder,  thus  condensing  the 
steam.  The  atmospheric  pressure 
then  forced  the  piston  HH  down, 
and  thus  raised  the  rod  /  by  means  of 
the  lever  FO.  When  the  piston  ar- 
rived at  the  bottom  the  water  was 
again  heated,  the  expansive  force  of 
the  steam  balanced  the  air  pressure, 
and  the  weight  of  7,  which  was  heavier 
than  the  piston,  then  raised  the  lat- 
ter to  the  top  of  the  cylinder.  The  steam  was  then  again  con- 
densed, and  so  on. 

As  is  well  known,  Newcomen  first  practically  utilized  this 
idea  in  England,  in  his  atmospheric  engine,  which  Watt  later 
converted  into  the  steam  engine. 

This  process,  by  which  a  body,  as  the  water  in  this  case,  is 
changed  from  one  condition  to  another,  and  from  this  back 
again  to  the  first,  is  called  a  '' cyde  prooeas'' 

We  have,  also,  in  hot-air  engines  a  similar  cycle  process,  but 
instead  of  water  it  is  air  which  is  made  to  change  its  condition. 
First,  a  certain  volume  of  air  is  compressed,  then  heated,  and 
thus  outer  work  is  performed,  then  cooled  back  to  its  original 
condition,  and  so  on. 


Fis.  10. 


Specific  Heat. — ^If  we  impart  equal  amounts  of  heat  to  differ- 
ent bodies,  the  increase  of  vibration  work,  that  is,  of  their  sen- 
sible heat,  is  very  different 

We  may  illustoate  this  by  an  experiment  If  we  mix  one 
kilogram  of  water  at  lO'^  with  one  at  80'',  the  temperature  of  the 


mixture  is 


1  X  10  +  1  X  80 


=  20°.    For,  since  we  require,  in 


the  one  case,  to  raise  one  kilogram  of  water  to  10°^  1  x  10  =  10 
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heat  tmits,  and,  in  the  other,  1  x  30  =  30  heat  units,  there  are 
Teqnired  for  both  10  +  30  =  40  heat  units,  or  V  =  20°  for  each 
kilogram. 

If,  now,  we  mix  one  kilogram  of  water  at  lO''  with  one  kilo- 
gram of  iron  at  30"^,  we  shall  find  that  the  temperature  of  the 

mixture  is  12°.    Thus  the  iron  has  lost  30  -  12  =  18°,  and  this 

» 

heat  has  been  imparted  to  the  water.  But  this  heat  does  not 
raise  the  kilogram  of  water  18°,  but  only  2°.  What  the  iron 
has  lost  is,  apparently,  not  gained  by  the  water. 

If,  on  the  other  hand,  we  mix  one  kilogram  of  water  at  30° 
with  one  kilogram  of  iron  at  10°,  we  shall  fiind  the  temperature 
of  the  mixture  to  be  28°. 

The  2^,  or  the  2  heat  units  lost  by  the  water,  thus  raise  the 
temperature  of  the  iron  18°.  One  heat  unit,  therefore,  will 
raise  one  kilc^ram  of  iron  9°. 

We  see,  therefore,  that  the  same  amount  of  heat  which 
eauses  in  water  a  certain  rise  of  temperature,  has  an  effect  nine 
times  as  great  for  iron. 

If,  again,  we  have  one  kilogram  of  water  at  about  80°  (more 
exactly  79.25°),  it  will,  as  we  know,  render  completely  liquid 
one  kilogram  of  ice  at  O'' ;  and,  on  the  other  hand,  with  one 
kilogram  of  iron  at  80°  we  can  melt  only  ith  of  a  kilogram  of  ice 
at0°. 

Also,  if  we  allow  equal  quantities  of  water  and  iron,  at  the 
same  temperature,  to  cool  in  the  air,  we  shall  find  that  the 
temperature  of  the  iron  sinks  nine  times  as  fast  as  that  of 
the  water.  But  since  the  air  abstracts  from  both  bodies,  in 
the  same  time,  equal  quantities  of  heat,  the  water  must  pos- 
sees  nine  times  as  much  heat,  at  the  same  temperature,  as  the 
iron. 

Experiments  have  shown  that  two  bodies  seldom  occur  for 
which  equal  weights  are  raised  by  equal  amounts  of  heat  the 
aame  number  of  degrees. 

We  call  that  amofwfd  of  heat,  expressed  in  heat  units,  which 
is  necessary  to  raise  one  kilogram,  or  generally,  one  unit  of 
weight,  of  a  body  one  degree,  the  ^^apedfic  heat*'  of  the  body.. 
It  is  evidently  the  same  whether  French  or  English  heat  units  • 
are  used. 

In  the  following  table  we  have  the  specific  heat  of  various  • 
bodies,  as  determined  under  constant  pressure^  by  the  exact  and 
careful  experiments  of  Begnault : 
9 
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Antimony 0.0508 

Bismuth 0.0308 

Oarbon 0.2414 

Cobalt 0.1070 

Copper 0.0962 

Gold 0.0324 

Iron 0.1138 

Lead 0.0314 

Manganese 0.1217 


Mercury 0.0333 

Nickel 0.1110 

Phosphorus 0.1887 

Platinum 0.0324 

Silver 0.0570 

Sulphur 0.2026 

Tin 0.0562 

Zinc 0.0966 


Vdume  Capacity. — ^The  specific  heat  defined  above  is  the 
quantity  of  heat  expressed  in  heat  units  necessary  to  raise  one 
kilogram,  or  one  unit  of  weight  of  a  body,  one  degree.  We  may 
therefore  call  it  the  heat  capacity  of  one  unit  of  weight,  or  gen- 
erally, the  "  weight  capacity.** 

But  we  may  also  easily  determine  the  quantity  of  heat  re- 
quired to  raise  equal  volumes  of  different  bodies  one  degree. 

One  kilogram  of  water  occupies  a  space  of  one  cubic  deci- 
meter, since  one  cubic  meter  of  water  weighs  1,000  kilograms. 
Now,  the  density  of  chemically  pure  iron  is  7.8439  times  as 
great  as  that  of  water,  hence  one  cubic  decimeter  of  iron  weighs 
7.8439  kilograms. 

Since,  now,  one  kilogram  of  iron  requires  0.1138  heat  units 
to  raise  its  temperature  one  degree,  7.8439  kilograms,  or  one 
cubic  decimeter,  requires  7.8439  x  0.1138  =  0.8926  heat  units. 
This  quantity  of  heat  we  may  call  the  "  volume  capacity  "  of  the 
iron.  In  general,  we  understand  by  volume  capacity  of  a  body 
that  amount  of  heat  necessary  to  raise  equal  volumes  one  degree  in 
temperature. 

We  may  obtain  it,  as  shown  by  the  example  above,  hy  mnUi" 
plying  the  specific  gravity  of  the  body  hy  its  toeight  capacity,  or  its 
**  specific  heat.** 

[We  owe  the  latest  researches  upon  the  specific  heat  of  gases  to  Begnanlt ; 
bat  these  researches  give  only  the  specific  heat  for  constant  pressare,  that  for 
constant  volume  has  not  been  as  jet  directly  determined.  Let  Cp  be  the  weight 
capacity  for  constant  pressure,  and  osp  the  volume  capacity  for  constant  press- 
ure, which,  as  we  have  seen  above,  can  be  found  from  the  weight  capacity  by 
multiplying  by  the  specific  weight.    Then  we  have 

Op»  09 p. 


Air 0.28751  0.00080714 

Nitrogen 0.24880  0.00080085 

Oxygen 0.21761  0.00031099 

Hydrogen 8.40000  0.1 


'i  »'i^>; 
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The  Talues  of  the  weight  capacity  for  constant  pressure  are,  as  we  see,  dif- 
ferent for  different  gases.  Hydrogen  Is  most  noticeable.  Its  specific  heat  is 
inded  greater  than  for  any  other  body,  solid  or  liquid.  After  hydrogen  comes 
water,  whose  specific  heat  («,.)  is  1.  For  others  the  specific  heat  for  constant 
volume  is  less,  and  indeed  for  most  much  less  than  1. 

Regnault  also  found  the  specific  heat  of  gases,  especially  of  air,  eanttarU  for 
different  pressures  and  temperatures,  a  beautiful  confirmation  of  a  prediction 
made  by  Clauslns,  as  early  as  1850,  upon  theoretical  grounds  alone. 

As  regards  the  volume  capacities  for  constant  pressure,  we  see  that  they 
differ  but  little,  so  little  that  one  Is  Inclined  to  assert  that  the  deviations  are 
due  merely  to  errors  of  observation.  If  we  calculate,  however,  the  volume 
capacity  for  the  other  gases  given  by  Regnault,  we  find  that  approximate  equal- 
ity exists  only  for  those  gases  which  are  furthest  from  their  point  of  liquefac- 
tion, and  In  which,  therefore,  the  dii^gregation  work  is  of  little  or  no  account. 
We  can,  therefore,  conclude  that  equality  exists  only  for  "  perfect "  gases,  and 
this  conclusion  is  supported  by  theory. 

As  to  the  specific  heat  of  gases  for  e<mtia'nt  fDolume,  as  already  remarked,  a 
direct  determination  is  not  yet  attained.  We  can,  however,  determine  this 
value  indirectly,  at  least  for  air.  If  Cp  is  the  weight  capacity  of  air  for  con- 
stant  presBure,  and  Cv  for  constant  volume,  we  can  in  various  ways  determine 

the  ratio  k=  -^,   Such  a  determination  we  shall  hereafter  give  when  we  come  to 

apply  the  prindples  of  the  mechanical  theory  of  heat  to  the  solution  of  different 
problems.  One  of  these  methods,  used  by  Gay-Lussac,  Clement,  and  Deeormes, 
and  later  hy  Masson  {WiUlner,  Experimental  Phynk,  6d.  2,  p.  279),  gave  re- 
spectively k  =  1.872,  1 .857,  and  1.419.  Another  method,  by  Him  (Theorie  mS- 
eanique  ds  la  chaleur,  p.  09),  and  Welsbach  {OMlingenieur,  Bd.  6,  p.  46),  gave 
1.8845  and  1.4026.  Further,  a  comparison  of  the  results  of  the  formulas  for  the 
velocity  of  sound,  by  Dalong,  with  ohservadons  upon  the  progression  of  sound 
hi  air,  gave  k  =  1.421,  and  Dulong  found  similar  values  also  for  nitrogen,  oxy- 
gen, and  hydrogen.  A  similar  comparison,  with  the  repults  of  observation  by 
Moll  and  Van  Bech  upon  the  velocity  of  sound,  gave  for  air  k  =  1.410, 

This  last  value  is  regarded  at  present  as  the  most  reliable,  especially  as  It  is 
justified  by  ihe  results  of  other  researches. 

Taking  for  air,  then,  *  =  ^  =  1.41,  and  Cp  according  to  Regnault  0.28761, 

we  have  for  the  specific  heat  of  air  for  constant  volume  Ce  =  0.16844. 

Since  the  outer  pressure  may  be  supposed  indefinitely  varied,  there  may  be, 
strictly  speaking,  an  indefinite  number  of  values  for  the  specific  heat  of  a  body, 
one  for  each  different  law  of  variation  of  pressure.  We  have  considered  above 
only  two  special  cases,  viz.,  for  constant  pressure  and  for  constant  volume. 
We  shall  see  later  how  to  find  the  specific  heat  for  any  given  law  of  variation 
of  pressure  with  volume.  In  Regnault's  experiments  the  bodies  were  sub* 
Jeeted  to  the  constant  pressure  of  the  atmosphere,  and  in  accepting  his  results 
we  must  not  therefore  neglect  the  fact  that  they  Ptrictly  hold  good  only  for 
constant  outer  pressure. 

For  solid  and  most  liquid  bodies  the  expansion  Is  very  slight,  and  therefore 
the  heat  converted  into  work  insignificant  in  such  ease.  For  gases,  however^ 
as  we  have  seen,  the  difference  is  great. 
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It  ifl  evident  that  the  specific  heat  for  oonstaDt  preflsore  e^  mnBt  always  be 
greater  than  that  for  constant  yolame  Cp,  because  in  the  first  case  heat  is  ab- 
sorbed by  the  enter  work,  and  for  the  same  rise  of  temperature  more  heat  must 
be  imparted. 

In  general,  we  have  for  the  heat  imparted  for  a  rise  of  temperature  dt^ 
for  the  unU  of  volume  heated  under  constant  Tolume,  in  which  case  dL  the 
outer  work  is  lero, 

dQp  =:  oodt -^  AdJ. 

For  a  perfect  gas  dJ,  or  the  increase  of  disgregation  work,  is  lero,  and  then 
CD  is  the  specific  heat  of  the  unit  of  volume  for  constant  volume  (volume  capac- 
ity). If,  however,  J' is  not  zero,  then  the  value  which  we  liave  until  now  called 
the  volume  capacity  has  a  complex  significance.  Without  doubt  dJ  is,  under 
the  above  conditions,  positive,  since  we  must  admit  that  the  smallest  particles 
act  attractively  upon  each  other,  and  dJ  represents  the  work  which  even  by 
constant  volume  is  applied  to  disgregation  of  the  molecular  groups.  Rankine 
calls  the  value  of  oi  in  the  above  equation  the  "  real  specific  heat,"  and  hence 
we  should  conclude  that  the  "  apparent  specific  heat "  deviates  the  more  from 
the  real,  and  is  so  much  greater  than  it,  the  more  the  gas  departs  from  the 
perfect  condition. 

The  tokU  heat,  then,  imparted  in  order  to  raise  a  body  one  degree  in  tem- 
perature is  the  apparent  specific  heat ;  if  from  this  be  subtracted  all  the  heat 
expended  in  performing  interior  and  exterior  work,  the  remainder  is  the  rtoL 
specific  heat,  because  it  alone  measures  the  actual  heat  of  the  body.] 

The  Disgregaiion  Worhy  in  Solid  and  Liquid  Bodies^  is  very 
amaU  in  campariaan  with  the  Vibration  Work. — ^We  have  already 
repeatedly  defined  the  **  unit  of  heat "  as  that  quantity  of  heat 
which  must  be  imparted  to  one  kilogram  of  water  in  order  to 
raise  its  temperature  one  degree.  But  now,  if  we  impart  to,  say 
one  kilogram  of  water,  so  much  heat  that  its  temperature  is 
raised  one  degree,  we  have  not  only  increased  the  vibration 
work  or  sensible  heat,  but  also  the  disgregation  work  as  welL 
The  heat  imparted  must  therefore  be  greater  than  it  would 
have  been  had  we  only  increased  the  sensible  heat  of  the  water. 
Of  this  fact  no  account  was  taken  when  the  idea  of  the  heat 
unit  was  first  formed  and  the  specific  heats  of  bodies  deter- 
mined, because  at  that  time  the  principles  of  the  mechanical 
theory  of  heat  were  unknown.  If,  then,  the  disgregation  work 
were  considerable  and  varied  much  for  different  bodies,  these 
determinations  of  specific  heats  would  have  little  or  no  value. 
Fortunately  this  is  not  the  case.  Thus  Begnault,  whose  ex- 
periments are  the  most  reliable,  made  his  observations  upon 
bodies  subjected  only  to  the  pressure  of  the  atmosphere.    The 
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outer  work  and  disgregation  work  thus  performed  were  but 
slight  in  comparison  with  the  yibration  work. 

For  example,  let  us  suppose  one  kilc^ram  of  water  at  4^,  that 
is  at  its  greatest  density,  contained  in  a  cylindrical  vessel  of  one 
square  decimeter  in  cross^section.  The  depth  of  the  water  is 
then  exactly  one  decimeter*  If  this  water  is  raised  one  degree 
in  temperature  it  expands,  according  to  the  elaborate  experi- 
ments of  Eopp,  about  0.000006  of  its  volume  at  4°.  The  water 
thus  rises  in  the  vessel  about  0.000006  of  a  decimeter,  and 
through  this  distance  the  atmospheric  pressure  of  about  103.34 
kilograms  per  square  decimeter  is  overcome.  We  have  there- 
fore the  outer  work  equal  to  103.34  x  0.000006  =  0.00062004  deci- 
meter kilograms.  But  since  the  mechafdcal  equivalent  of  the 
heat  imparted  is  424  meter  kilograms,  the  outer  work  is,  as  we 
see,  very  small  in  comparison.  The  disgregation  work,  or  the 
work  expended  in  separating  the  particles,  is  also  very  smalL 
Thus,  according  to  the  experiments  of  Ghrassi,  the  coefficient  of 
compression  of  water,  that  is,  the  amount  it  is  compressed  by 
an  increase  of  pressure  of  one  atmosphere,  is  only  0.00005  of 
its  volume  when  the  compression  takes  place  between  4"^  and  6^. 
I^  then,  we  increase  the  pressure  upon  the  water  in  our  vessel 
by  one  atmosphere,  the  water  is  compressed  about  0.00006  of  a 
decimeter.  This  corresponds  to  a  work  therefore  of  0.00006 
X  103.34  =  0.006167  decimeter  kilograms.  We  see  thus  that 
the  disgregation  work  is  also  very  small.  We  may,  therefore, 
for  slight  rise  of  temperature,  disregard  the  entire  disgregation 
work  for  edid  and  liquid  bodies. 

Since  for  high  temperatures  the  coefficient  of  expansion  in- 
creases, that  is,  the  increase  of  volume  for  a  rise  of  1°  is  greater, 
the  disgregation  work  must  increase,  and,  for  the  same  amount 
of  heat  imparted,  the  vibration  work  or  sensible  heat  be  pro- 
portionally less.  If  the  increase  of  this  last  is  the  same  as 
before ;  that  is,  if  the  body  at  the  higher  temperature  is  raised 
also  1%  then  the  total  heat  imparted  is  greater  than  before. 
We  see,  therefore,  the  reason  why  the  specific  heat  increases  tvUh 
the  temperature. 

It  is  also  a  fact  that  liquid  bodies  expand  more  for  the  same 
rise  of  temperature  than  solid.  It  is  therefore  very  probable 
that  the  same  body  has  a  greater  coefficient  of  expansion  when 
in  the  liquid  condition  than  when  solid;  and  this  renders  it 
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also  probable  thai  the  spedjio  heaJt  of  a  body  when  liqtdd  is  greater 
than  when  solid.  For  many  bodies  this  has  already  been  con- 
firmed by  careful  experiments. 

Specific  Heat  for  Constant  Vdume  and  for  Constant  Pressure. — 
If  we  conceive  a  body  so  confined  that  it  cannot  expand  when 
it  is  heated,  then  all  the  heat  imparted  goes  to  increase  the 
vibration  work,  and  there  is  no  disgregation  work  or  outer 
work  at  alL  For  the  same  amount  of  imparted  heat,  therefore, 
the  sensible  heat  will  be  greater  than  when  the  body  is  free  to 
expand.  Inversely,  a  less  amount  of  heat  would  be  necessary 
to  cause  a  certain  rise  than  when  free  to  expand. 

The  amount  of  heat  measured  in  heat  units  which  must  be 
imparted  in  order  to  raise  one  kilogram  weight  of  any  body 
1°  in  temperature  when  expansion  cannot  take  place,  is  called 
the  '^epecijic  heat  for  constant  vciume.^^ 

We  call,  on  the  other  hand,  that  amount  of  heat  which  is 
necessary  to  raise  the  same  unit  weight,  one  kilogram  of  any 
body,  1°  in  temperature,  when  the  body  is  allowed  to  expand 
under  the  constant  pressure  of  the  atmosphere,  the  *^spec^ 
heat  for  constant  pressure.**  It  must  evidently  be  greater  than 
the  first,  because  heat  is  required  to  perform  the  disgregation 
work  and  outer  work  which  take  place  in  the  second  case. 

[Both  thetse  specific  heats  refer  to  the  unit  of  toeigJU,  and  are  therefore 
"  weight  capacities,"  the  one  under  constant  volume  and  the  other  under  con- 
stant pressure.  We  might  also  have  two  *'  volume  capacities"  in  the  same 
circumstances.  No  use  is  made  of  such  quantities.  "  Specific  heat "  refers 
always  to  the  unit  of  weighty  and  indeed,  unless  distinctly  stated,  we  always 
understand  a  tOTiMani  volume  to  he  presumed.] 

[The  following  tables  give  tlie  mean  specific  heats  for  constant  pressure  of 
the  substances  named,  according  to  Regnault.  These  specific  heats  are  average 
values,  taken  at  temperatures  which  usually  come  under  observation  in  tech- 
nical applications.  The  actual  specific  heats  of  all  substances,  in  the  solid  or 
liquid  states,  increase  slowly  as  the  i)ody  expands  or  as  the  temperature  rises, 
and  when  great  accuracy  is  required  tables  of  specific  heats  must  be  consulted, 
which  will  give  these  quantities  with  greater  definiteness  at  special  tem- 
peratures. 

BOLmB. 


Antimony 0.0508 

Copper 0.0951 

Gold 0.0824 

Wrought  Iron 0.1188 


Steel  (soft) 0.11(16 

Steel  (hard) 0.1175 

Zinc 0.0956 

Brass 0.(4188 
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90ui»-^CafUiniued, 


GlMB 0.1d87 

Gist  Iron 0.1288 

Lead 0.0814 

Platinum 0.0824 

Silver 0.0570 

Tin 0.0582 


Ice 0.5040 

Sulphur 0.2028 

Charcoal 0.2410 

Alumina 0.1070 

Phoephonu 0.1687 


LIQUID0. 


Water 1.0000 

Lead  (melted) 0.0402 

Sulphur  "       0.2840 

ffismuth  "       0.0808 

Tin  "       0.0687 

Sulphuric  Acid 0.8850 


Mercuiy 0.0888 

Alcohol  (ahsolute) 0.7000 

Fusel  Oil 0.5640 

Benzine 0.4500 

Ether 0.5084 


Air 


OA8B8. 

ConeUnt  Preesnre.                        ConsUnt  Volome. 
....  0.28751     0.16847 


0.15507 

2.41226 

0.17278 

0.846- 

0.1586 

0.178 

0.1758 

0.299 


Oxygen 0.21751  

Hydrogen 8.40900  . . .  / 

Nitrogen 0.24880  

Superheated  Steam 0.4806  

Carbonic  Add 0.217  

OlefiantOas \ 0.404  

Carbonic  Oxide 0.2470  

Ammonia 0.508  

Ether 0.4797  0.8411 

Alcohol 0.4584  0.8200 

Acetic  Add , 0.4126  

Chloroform 0.1567  ] 

[There  are  three  methods  employed  for  determining  the  spedflo  heat  of  a 

body, 

(1)  Method  of  mixture. 

(2)  Method  by  fusion  of  ioe. 
(8)  Method  of  cooling. 

(1)  Method  of  mixture, — The  body  whose  specific  heat  is  to  be  determined,  is 
laised  to  a  known  temperature,  and  is  then  immersed  in  a  mass  of  liquid  of 
which  the  weight,  spedflo  heat,  and  temperature  are  known.  When  both  the 
body  and  the  liquid  have  attained  the  same  temperature,  this  is  carefully 
ascertained. 

Kow  the  quantity  of  heat  lost  by  the  body  is  the  same  as  the  quantity  of  heat 
absorbed  by  the  liquid. 

Let  e,  iff,  and  t  be  the  specific  heat»  wdght,  and  temperature  of  the  hot  body, 
and  &,  «r',  and  f  of  the  liquid.    Let  B  be  the  temperature  the  mixture  assumesL 

Then,  by  the  definition  of  spedflo  beat,  o  x  w  x  (t^B)  =  heat  units  lost  by 
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thB  hot  body,  and  e'  x  v'  x  (9  —  O  =  1^^^  ^uuts  gained  by  the  oold  liquid.    If 
there  is  no  heat  lost  by  radiation  or  oondaotion,  these  must  be  equal,  and 

0M<<  -  0)  =  c'kt'(0  -  f). 

The  same  method  of  mixture  may  be  made  use  of  to  determine  the  latent 
heat  of  a  body,  or  the  heat  required  to  reduce  a  unit  weight  of  a  solid  body  at 
the  melting  point  to  a  unit  weight  of  liquid  at  the  same  temperature. 

Let  a  solid  body  of  weight  Wi  and  at  temperature  U  hare  the  known  spedflo 
heat  Ci,  and  let  the  specific  heat  of  the  same  substance  in  the  liquid  condition  be 
s%,  and  the  temperature  of  the  melting  point  be  U.  Let  the  body  be  immersed 
in  a  liquid  whose  weight  is  w\  temperature  f ,  and  specific  heat  c\  and  when  it 
is  all  melted  let  the  common  temperature  be  0.  The  solid  body  is  then  first 
raised  to  the  melting  point,  which  requires  CitOi  {U  —  ix)  heat  units.  It  is  then 
melted,  and  since,  when  melted,  the  resulting  liquid  has  the  same  temperature 
of  the  melting  point,  all  the  heat  required  to  melt  it  is  latent.  If  a;  is  the  latent 
heat  of  fusion,  in  heat  units  per  unit  of  weight,  the  total  latent  heat  is  owt. 
To  now  raise  the  resulting  liquid  to  G*",  requires  c%Wx  (0  —  ^t)  heat  units. 

Hence  the  total  heat,  imparted  is  CiWx  (it  —  ti)  +  xwi  +  OttOi  (0  —  <«)•  ^^ 
heat  lost  by  the  liquid  in  which  the  body  is  immersed  is  c'w'  (f  —  6).    We  hare 

then 

CitDi  {it  —  ii)  +  xwi  +  CiUfi  (0  —  it)  =  e'w'(f  —  6), 

or 

x^—{r-B)-et(e''it)-et(it-ii) (3) 

If  the  temperature  of  the  body  before  immersion  is  just  at  the  melting  point, 
^1  =  it  and 

«  =  — (f-0)-c,(e-<a) (8) 

If,  in  addition,  the  liquid  in  which  the  body  is  immersed  is  the  same  sub- 
stanoe  as  the  solid  body,  Ct  =  e'  and 

x  =  ^^(r^ff)-^c'{0^it) (4) 

This  last  is  the  case  when  ice  at  0*  C.  is  immersed  in  water  at  f  degrees  C. 

If  a  pound  of  ice  at  zero  C.  is  immersed  in  a  pound  of  water  79*'.25  C.  it  is 
found  that  the  temperature  of  the  mixture  when  all  the  ice  is  melted  is  just  0*. 
We  have,  then,  e'  =  1,  ur'  =  Wi,  f  =  79.25,  ^  =  0,  0  =  0,  and  hence  x  =  79.85  = 
latent  heat  of  water. 

From  (1)  we  can»  by  experiment,  determine  the  specific  heat  of  any  solid 
body.  From  (4)  we  can  find  the  latent  heat  in  the  melting  of  any  body,  and 
from  (2)  or  (8)  we  can  find  the  specific  heat  Ct  of  the  solid  when  in  a  fluid  con- 
dition. 

We  can  also  find  from  (1)  the  temperature  of  a  mixture  when  we  know  the 
Qwcific  heat  of  the  substances  used. 
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(S)  Method  hy  fusion  (Black's  CALOBiMETEa). — The  substance  whose  weight 
IS  w,  is  heated  to  a  known  temperature  ty  plaoed  in  a  block  of  ice  and  then 
coTered  with  ioe.  When  it  has  cooled  to  0**  C,  the  cavity  in  the  ice  is  wiped 
oat  with  a  dry  cloth,  the  increase  in  weight  of  the  cloth  giving  the  weight  of  ice 
melted.  Let  i  =  weight  of  ice  melted.  Then  since  it  takes  79.25  heat  units  to 
melt  one  unit  weight  of  ioe, 

w(/  — e)  =  »  X  79.25, 

79  ''5  f 
OTy  since  in  this  case  0  =  0,    010^=  79.26*,  or  c=  ■  ''      . 

wt 

This  method  is  open  to  the  objeoti^m  that  some  ice  is  melted  by  heat  from 
soRounding  objects,  etc. 

Calorimeter  of  Laplace  and  Lawneier. — This  consists  of  three  vessels.  The 
two  outer  ones  contain  powdered  Ice,  and  in  the  third  and  interior  one,  the  body 
is  placed.  If  any  heat  passes  into  the  apparatus  from  exterior  objects  it  will 
liquefy  some  of  the  ice  in  the  outer  vessel,  but  will  not  affect  the  inner  one.  All 
the  melting  which  takes  place  in  the  middle  vessel  is  therefore  due  to  heat  from 
the  body  to  be  tested.    The  water  thus  produced  is  drawn  off  and  weighed. 

We  have  then,  as  before,  e  =  — ^-^ — . 

The  method  is  open  to  the  objection  that  some  of  the  water  adheres  to  the 
ice  and  is  not  drawn  off. 

Buksbh's  Calouxstxb. — ^The  weight  of  ice  melted  is  determined  by  measur- 
ing the  contraction  which  takes  place  in  its  volume.  A  small  vessel  (A)  is  fitted 
into  a  larger  one.  The  space  between  is  filled  with  water  and  the  inner  vessel 
is  cooled,  by  the  rapid  evaporation  of  ether,  until  the  surrounding  water  is  con- 
irerted  into  ice.  The  body  is  plaoed  in  A,  As  it  cools  it  melts  some  of  the 
surrounding  ice.  A  narrow  tube,  the  area  of  whose  section  is  known,  is  fitted 
into  the  larger  vessel,  and  partially  filled  with  mercury.  As  the  ice  melts,  the 
mercury  recedes  in  the  tube,  and  thus  the  amount  of  contraction  is  determined. 

As  ice  loses  about  9  per  cent  of  its  volume  when  liquefying,  the  weight  of 
ice  melted  can  be  deduced  from  the  change  in  volume. 

(8)  The  method  by  cooling, — ^This  consists  in  determining  the  time  in  cool- 
ing of  equal  weights  of  different  bodies  of  equal  surfaoes — ^these  times  have  the 
same  ratio  as  the  specific  heats. 

ExAMPLB  1.—.^  pieu  of  iron  weighing  750  ^n.,  ai  a  temperature  of  200*  0, 
ie  plaoed  in  ieeatO"  0.  Taking  latent  heat  at  79,  and  epeeijic  heat  of  iron  at 
0.114,  how  much  ieewiRbe  melted  f  Ans.  216H  gn- 

ExxHFiii  2.—^  pound  of  iron  at  100*  C,  ie  placed  in  a  Laplaee  calorimeter, 
and  the  water  which  flows  out  ie  found  to  weigh  0.144  lb.  Taking  latent  heat 
at  79,  what  ie  the  epee^fic  heat  of  iron  f  Ans.  0.11876. 

EzAMPLi  8.— Jfi  Buneen^e  calorimeter  the  area  of  croet-eedion  of  the  omt- 
tmry  tube  ie  0.01  inch.  It  ie  found  that  78  graine  of  iron  introduced  at  Ms 
temperaiure  100*  0.  eauee  the  mereurg  to  move  0.5  inch.  If  the  weight  of  a 
oidric  inch  of  iceie  227.25  graine^  and  it  contraete  ^  of  ite  volume  in  melting, 
fmd  (he  epeeific  heat  of  iron.  Ans.  0.115065.] 
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QUESTIONS  FOB  EXAMINATION. 

Whatever  may  be  the  vlewe  held  as  to  the  nature  of  heat,  what  have  we  thni  fir  eetablished  7 
Is  this  flrmly  established  t  What  are  the  proofs  Y  What  do  you  understand  by  **  living  force  ?** 
What  by  "  inherent  energy  ?  '*  If  a  body  of  mass  m  has  a  velocity  v,  what  worlc  can  it  perfonn 
In  coming  to  rest  while  overcoming  resistance  f  Is  the  setting  of  a  body  in  motion  **  work  ?** 
If  heat  is  a  motion  of  bodies,  is  it  not  then  identical  with  work  f  If  it  is  not  each  motion, 
should  we  expect  to  And  any  equivalence  f   Do  we  find  any  equivalence  ?   What  is  it  T 

When  a  body  is  heated,  what  three  effects  are  in  general  produced  ?  In  what  does  the  rise  of 
temperature  consist  f  What  three  works  are  performed  when  a  body  is  heated  ?  What  do  you 
understand  by  vibntton  work  f  Disgregation  work  t  Outer  work  ?  Inner  work  ?  How  do  we 
measure  heat  f  What  is  a  "  heat  unit  Y  **  To  what  is  the  amount  of  heat  Imparted  to  a  body 
proportional  ?  How  many  heat  units  are  equivalent  to  2190  meter-kHograms  ?  How  many  meter> 
kHograms  are  equivalent  to  18  heat  units  f  What  does  A  denote  in  our  notation  f  If  J7  is  work 
expressed  in  meter-kilograms,  and  Q  is  amount  of  heat  given  in  heat  units,  what  is  the  general 
equation  between  them  r  What  is  the  general  relation  between  Q  and  the  vibration  work  (Ff)t 
disgregation  work  {J)^  and  outer  work  (L)  J    What  does  ZT  denote  in  our  notation  ? 

Define  "specific  volume  "—" specific  pressure."  What  does  v  denote?  What  does  F de- 
note? What  do  you  underatand  by  "body  tension?"  What  is  the  relation  between  body 
tension  and  outer  pressure  which  is  assumed  unless  otherwise  stated  ? 

In  the  equation  Q  =  A  ( W-\-  J  -f  L)^  wliat  do  the  lettera  denote  ?  Give  a  famfllar  example 
where  W  is  zero.  What  other  examples  can  you  think  of  ?  Define  "  latent  heat  ?  "  What  is 
the  latent  heat  of  steam  ?  Give  a  familiar  example  in  which  L  is  negative.  Can  increased  press- 
ure raise  the  melting  point?  Under  what  dreumstances  is  this  true,  and  why  ?  Give  a  familiar 
example  where  J  is  cero. 

When  a  gas  is  heated,  what  works  are  performed  ?  When  a  gas  is  not  free  to  expand,  does 
it  require  more  or  less  heat  to  raise  a  given  weight  of  it  a  given  number  of  d^rees  ?  Why? 
When  a  gas  can  expand  when  heated,  what  works  does  the  heat  imparted  perform  ?  When  it 
can  not  expand  ?  What  is  the  outer  work  in  the  latter  case  ?  Can  the  outer  work  ever  be  n^g»- 
tive  ?    Give  a  familiar  example. 

When  we  abstract  heat  from  a  body  what  occura  in  general  ?  Can  L  ever  be  positive  in  this 
case?    Give  an  example.    Is  fKever  equal  to  aero  ?    Give  examples. 

Define  exactly  what  yon  understand  by  "specific  heat."  Why  is  it  called  "specific?" 
What  ii  the  specific  heat  of  water  ?  If  the  specific  heat  of  iron  is  iVth,  what  does  tliat  mean  ? 
What  do  you  understand  by  "  volume  capacity  "  for  heat  ?  What  by  "  weight  capacity  ?  "  How 
can  yon  find  the  volume  capacity  from  the  weight  capacity  ?  What  is  real  specific  heat  ?  Appar- 
ent specific  heat  ? 

What  is  the  disgregation  work  in  solids  and  liquids  ?  How  does  it  compare  with  the  vibra- 
tion work  ?  Can  yon  Illustrate  this  ?  What  do  you  understand  by  coefflcient  of  expansloii  ? 
Why  does  the  specific  heat  increase  with  the  temperature  ?  Why  should  the  specific  heat  of  a 
body  when  liquid  be  greater  than  when  solid  ?  What  do  yon  uudentand  by  specific  beat  for 
constant  volume  ?  What  for  constant  pressure  ?  Which  is  the  greatest  ?  Why  ?  When  we 
simply  say  **  specific  heat,"  without  further  limitation,  what  do  we  mean  ? 

What  do  you  mean  by  latent  heat  of  water  ?  Would  it  be  correct  to  say  latent  heat  of  ice  ? 
Why  not  ?  If  c*  is  the  specific  heat  for  constant  volume,  how  many  units  of  heat  would  be 
necessary  to  raise  k  kilograms  of  a  body  t  degrees  ? 

How  many  pounds  of  mercury  at  the  temperature  of  800"  are  required  to  raise  15  pounds  of 
water  from  (»•  to  70»  ? 

If  two  liquids  have  the  weights  w  and  icr',  the  temperatures  t  and  V,  and  the  specific  heats  e 
and  cf  respectively,  what  is  the  temperature  of  the  mixture  ? 

Beduce  -  40<»  Fahr.  to  Centigrade  degrees.  Reduce  -  378*  C.  to  Fahrenheit  degrees.  How 
do  you  reduce  generally  Fahrenheit  to  Centigrade  degrees,  and  vies  venaf 

What  outer  work  Is  performed  when  S  pounds  of  air  are  heated  from  00*  to  70*  Fahr.  under 
the  pressure  of  the  atmosphere  ?    What,  when  8  kilograms  are  heated  from  0*  to  1*>  C.  ? 

What  is  the  specific  heat  of  air  under  constant  volume  T  Under  constant  pressure  f  Show 
how  to  find  from  these  the  mechanical  equivalent  In  French  measures  ?    In  BogUsh  meaaorea  t 

gee  Examples  for  practice  at  end  of  volume. 


CHAPTEB  IV. 


IXPAKHION  07  QAfiES. — SPECIEIO    HEAT   OF   OASES.— DETEBMINATION 

OF  MECHANICAL  EQUIVALENT  OF  HEAT. 

Ejqxxnsion  of  Oases  when  Heated. — ^As  we  have  just  seen,  the 
disgregation  work  and  the  outer  work  are  ybtj  small  indeed 
for  solid  and  liquid  bodies,  and  in  comparison  with  the  vibra- 
tion work  may  be  neglected.  But  for  gaseous  bodies  it  is  dif- 
ferent Here  there  is  no  attraction  between  the  molecules,  or 
if  any,  it  is  exceedingly  small,  so  that  there  is  no  disgregation 
work.  All  the  heat  imparted  to  a  gas  goes,  therefore,  to  increase 
the  vibration  work,  that  is,  to  raise  the  temperature  and  to 
perform  outer  work.  This  last  is,  for  gases,  much  greater  than 
for  solid  and  liquid  bodies,  because  they  expand  much  more 
for  the  same  rise  of  temperature. 

Let  us  now  seek  to  ascertain  the  amount  of  this  expansion, 
as  well  as  the  other  properties  of  gases. 

Suppose  that  below  the  piston  EF,  Fig.  11,  in  the  cylinder 
ABCDy  we  have  one  cubic  meter  of  air  at  O""  and 
ordinary  tension,  corresponding  to  760""^  of  the 
barometer.  This  air  weighs,  then,  according  to 
the  experiments  of  Begnault,  1.29318  kilograms 
(one  cubic  foot  of  air  at  ZT  weighs  0.080744  lbs.). 
If,  now,  we  heat  the  air,  it  expands  for  every  de- 
gree Centigrade  ^  =  0.00367  of  its  volume  at 
2ero.  This  coefficient  has  been  determined  by 
fiegnault  and  Magnus  from  a  series  of  very  care- 
ful experiments.  It  is  therefore  the  oo^ffUAefnt 
ofeoDpanBion  of  air. 

If,  now,  this  air  volume  of  one  ci^bio  meter 
is  heated  io  2,  3,  4,  eta,  degrees,  it  expands 

2  X  ^Iy,  3  X  t+j,  4  X  jIy,  etc.,  or  2  x  0.00367, 

3  X  0.00367,  4  x  0.00367,  and  the  original  cu- 
bic meter  becomes,  at  these  several  tempera-  Fm.  u. 
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1  +  2  X  0.00367  cubic  meters, 
1  +  3  X  0.00367     "         " 
1  +  4x0.00367     "         " 

eta    If  heated  to  t^^  we  have,  therefore, 

1 4-  0.00367e  cubic  meters. 

If  instead  of  one  cubic  meter  we  had  2,  3,  4,  or  in  general  V 
cubic  meters  to  start  with,  we  should  have  when  heated  to  t% 

r(l  +  0.003670  cubic  meters.    .    .    .    (IIL) 

If  heated  to  100°,  the  one  cubic  meter  becomes 

1  4-  0.00367^  =  1  +  0.00367  x  100  =  1.367  cubic  meters, 

and  if  heated  273%  we  have 

1  +  rb  x273  =  1  +  1  =  2  cubic  meters. 

If,  therefore,  air  is  heated  from  0°  to  273°  (or  from  32°  to 
523""  Fahrenheit),  it  expands  to  double  its  original  yolume. 

This  law,  according  to  which  air  expands,  is  called  the  law 
of  Ga j-Lussaa 

It  is  evident  that  the  density  of  the  air  under  the  piston  EF, 
or  the  weight  of  a  unit  of  yolume,  diminishes  as  the  volume 
increases.  Since,  for  example,  when  heated  273°,  our  one  cubic 
meter  becomes  two,  and  yet  still  weighs  1.29318  kilograms,  the 
density  at  this  temperature  is  only  one-half  of  that  at  0°. 

Since  the  densities  of  two  bodies  are  inversely  as  their  vol- 
umes, provided  that  the  weights  are  the  same,  we  ca^  find  the 
density  2>,  of  the  air  for  any  temperature  t,  from  the  propor- 
tion, 

1 : 2)  =  r(l  +  0.003670  '•  ^i 

where  we  assume  the  density  at  0°  =  1,  and  the  volume  at  this 
temperature  =  K 
We  obtain,  therefore,  the  density  for  any  temperature  ^ 

^  ""  F(l  +  0.003670  "^  1  +  0.00367< "  *  '  ^'^ 

1 
[or  for  Fahrenheit  degrees  D  =  i  ^0002038(^-32) * ^^^^  ^ ^ 
the  temperature  Fahrenheit. 
One  cubic  foot  of  air  at  32°  F.  weighs  0.080744  lbs.] 
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For  example,  for  t  =  10°  and  t  =  100**,  we  have  D  =  i   .  AAo/yry 

1  +  U.Uoo7 

=  a9646,  and  2)  =  ^   ,  r^oon  =  0.7316-    One  cubic  meter  of  air 

1  +  U.OOl 

at  lO"*  weighs,  therefore, 

0.9646  X  L29318, 

and  at  100%  0.7316  x  1.29318  kilograms. 

[For  t  =  lO"*  Fah.  and  100°  Fah.  we  have  the  weight  of  one 
oabic  foot  in  lbs.  at  lO""  Fah., 

1.0469  X  0.080744, 

and  at  100"  Fah.,         0.878  x  0.080744.] 

The  weight  of  one  cubic  meter  of  air  at  ordinary  tension 
(760™^,  or  30  inches,  of  barometer)  and  f"  temperature,  is,  there- 
fore, ^         1.29318      , ., 

^  =  1  +  0.00367^  kilograms. 

[For  f  Fahrenheit  the  weight  of  one  onbio  foot  is 

0.080744    '       „ 
^  ~  1  +  0.002038(<  -  32)  ^^^ 
and  that  of  F  onbio  meters  is 

^  =  1+S67r^^°8'*°^    •    •    .    (V.) 

[For  r  cubic  feet  we  have  G  =  ^^^^-^^  lbs.,  where 

t  is  the  temperature  Fahrenheit] 

Thus,  for  example,  3  cubic  me^rs  of  air,  at  ordinary  press- 
ure and  20"^  temperature,  iiieigh       ^^ 

^  =  l  +  a00'3?7^x^20  =  ^'^^^  kilograms, 
[and  3  cubic  feet  of  air  at  ordinary  pressure  and  20''  FaL  weigh 

3  X  0.080744      _no>iQQii.^i 
1  -  0.002038  X  12  ""  "'^^^^  ^^^"J 

We  see  from  the  preceding  that  the  expansion  of  air  for  the 
aame  rise  of  temperature  is  much  greater  than  for  solid  and 
liquid  bodies.  Experiments  have  also  shown  that  this  expan- 
sion is  Tery  nearly  the  same  for  aU  gases.  Thus  Eegnault 
found  for  the  coefficient  of  expansion  of  hydrogen  0.003661,  and 
for  carbonic  acid  0.003710. 

It  seems  also  proved  by  experiment  that  the  coefficients  of 
expansion  of  such  gases  as  are  most  easily  liquefied  by  cold 
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and  pressure,  as,  for  example,  carbonic  acid,  are  greater  tlian 
for  those  which  are  most  difficult  of  liquefaction.  We  accord- 
ingly assume  that  between  the  molecules  of  cuch  bodies  there 
is  a  certain,  though  small,  amount  of  attraction,  which  even  for 
the  so-called  '* permanent"  gases  is  not  entirely  zero. 

Experiments  have  also  shown  that  the  coefficient  of  expan- 
sion increases  as  the  pressure  increases.  In  the  case  of  air, 
as  represented  in  the  figure  above,  the  piston  is  pressed  by 
the  atmosphere.  If,  however,  the  pressure  is  greater,  the  co- 
efficient of  expansion  increases  as  shown  in  the  following 
table: 

Prearare  in  Coefficient 

Millimeten  of  of 

Barometer.  Bspansion. 

^  j    760 0.0036706 

' (  2526 0.0036944 

Hvdroffen  J    ''^^ 0.0036613 

^      ^     ( 2520 0.0036616 

Carbonic  acid.,  i    ^^^ ' ^'^^^'^^^ 

( 2545 0.0038455 

piVe  give  below  the  coefficients  of  linear,  surface,  and  cubic  expanaon,  that  is^ 
the  amount  by  which  a  piece  of  unit  length  area  or  volume  is  increased  for  a  rise 
of  temperature  of  one  degree  C,  counting  from  zero,  under  pressure  of  the  atmos- 
phere.   For  one  degree  Fahrenheit  take  fths  of  tabular  values. 


Oast  Iron 

Copper 

Brass 

Silver 

Bar  Iron 

Steel  (untempered) 

Steel  (tempered) 

Zinc 

Tin 

Mercury 

Water* 

Gases. 


Cubic  Bzpanelon 


0.00008830 
0.00005155 
0.00005603 
0.00005726 
0.00008705 
0.00008236 
0.00008791 
0.00006825 
0.00005818 
0.00018018 
0.00046600 
0.008665 


Surface  Expansion 


O.QP002220 
0.00008486 
0.00008735 
0.00003817 
0.00002470 
0.00002158 
0.00002479 
0.00005888 
0.00008875 
0.00012012 
0.00081066 


Linear  2x|Min8ion 

0. 


0.00001110 
0.00001718 
0.00001868 
0.00001908 
0.00001285 
0.00001079 
0.00001240 
0.00002942 
0.00001938 
0.00006006 
0.00015583 


IITdO 

ttVv 


The  force  of  expansion  or  eonlradion  of  a  prismatic  piece  for  a  change  of 

temperature  of  t"  is 

P^diFE 

where  d  is  the  coefficient  of  expansion,  E  the  coefficient  of  elasticity,  and  F  the 
area  of  cross-section.] 


*  The  expansion  of  water  is  very  different  for  different  temperatores. 
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Mechanical  Work  Pefformed  by  the  Air  during  Expatiaion, — ^Let 
us  now  compnte  the  mechanical  work  which  one  cubic  meter 
of  air  performs  during  expansion. 

We  assume  that  the  piston  EF  has  an  area  of  one  square 
meter,  and  is  therefore  at  a  distance  of  one  meter  above  the 
bottom  of  the  vessel  ABCD.  If,  then,  the  air  is  heated  273°, 
the  piston  will  be  raised  one  meter,  and  the  air  pressure  will 
be  overcome  through  this  distance.  This  pressure,  at  0""  tem- 
perature and  760™°^'  height  of  barometer,  is  10334  kilograms  per 
square  meter  (or  147  lbs.  per  square  inch) ;  so  that  the  work 
performed  by  the  expanding  air  is 

10334  X  1  =  10334  meter-kilograms. 

But  one  cubic  meter  of  air  at  0""  weighs  1.29318  kilograms, 
and  hence  the  work  performed  by  one  kilogram  of  air  under  the 
same  conditions  would  be 

1  9Q^1ft  ~  7991.15  meter-kilograms. 

When,  therefore,  we  heat  one  cubic  meter  of  air,  free  to  ex- 
pand under  atmospheric  pressure,  from  0""  to  273",  we  not  only 
increase  the  vibration  work,  but  we  also  obtain  an  outer  work 
of  not  less  than  10334  meter-kilograms.  We  see  that  the  outer 
work  in  the  case  of  solids  and  liquids  is  not  to  be  compared  to 
this. 

SeaHng  under  ConstarU  Volume. — ^If  we  conceive  the  piston 
EF  to  be  fixed,  so  that  it  cannot  be  raised  when  the  air  is 
heated,  then  evidently  no  outer  work  can  be  performed.  All 
the  heat  imparted,  therefore,  goes  to  increase  the  vibration 
work  or  to  raise  the  temperature.  With  the  temperature  the 
expansive  force  of  the  air  or  the  pressure  upon  the  piston  also 
increases,  and  becomes,  as  shown  by  experiment,  for  each  de- 
gree j\^d  =  0.00367th  greater ;  that  is,  the  pressure  increases 
in  the  same  degree  as  the  volume  increased  in  the  first  case. 

If  we  denote  the  pressure  per  square  meter  at  0"  by  p,  then 
the  pressure  for  a  rise  oil**  will  be 

p+t.^p=p{l+jirs)=p{1^0.(m67t)    .    .    (VL) 

For  t  =  273"",  the  pressure  is  evidently  2p,  or  twice  as  great 
as  for  0^. 
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« 

Wlien^  therefore,  air  is  heated  under  constant  Yolome,  the 
expansive  force  increases  with  the  temperature. 

This  law  is  also  known  as  that  of  Ghty-Lussaa 

It  may  be  explained  according  to  our  theoretical  views  as 
follows : 

When  heat  is  imparted  to  the  air,  the  Telocity  of  the  atoms 
is  increased.  But  the  greater  this  velocity,  the  greater  the 
number  of  impacts  in  the  same  time  against  the  piston.  The 
greater  the  number  of  impacts  in  the  same  time,  the  greater 
the  pressure  of  the  expansive  force  of  the  gas. 

Ahsdvte  Zero  of  Temperature. — Since,  now,  for  each  rise  of 

one  degree,  the  expansive  force,  or  what  is  the  same  thing,  the 

living  force  of  the  atoms  is  increased  j\^d  of  that  at  0'',  and  for 

every  fall  of  one  degree  is  diminished  j{^d ;  for  a  fall  of  273'', 

the  living  force  of  the  atoms  must  be  zero.    We  call  therefore 

the  temperature 

-  273"  0. 

the  "ahsdutezero"  * 

It  is  from  this  point  that  we  should  properly  reckon  the  ve- 
locity of  the  atoms  of  a  body,  or  its  living  force,  or  finally,  its 
temperature. 

*  [It  has  been  objected  to  this  reasoning  that  the  coefficient  of  expansion  rV^d.  is  not  the  aanM 
for  all  gaseSf  that  it  varies,  especially  near  the  point  of  liquefaction,  and  that  it  also  depends 
upon  the  temperature  in  some  relation  not  yet  fully  known.  Thus  for  each  gas  there  is  a  dif- 
ferent  absolute  zero,  and  nothing  justifies  the  assumption  of  this  special  one.  It  has  cTcn  beea 
termed  **  one  of  tho<>e  false  hypotheses  which  tend  to  retard  the  development  of  science." 

It  is  true  that  the  rt'asoning  above  seems  open  to  these  objectious,  but  this  is  not  really  the 
leaaoning  by  which  the  absolute  zero  is  properly  determined.  The  true  reasoning  cannot  be 
presented  in  an  elementary  manner  without  the  aid  of  the  higher  mathematics.  It  is  proved 
generally  by  the  principles  of  the  mechanical  theory  of  heat,  that  there  is  a  point  at  which  the 
living  force  of  the  atom»  would  be  zero,  and  that  this  point  mu»tbe  ihesam«for  aUbodiet,  whether 
there  is  dl^gregation  work  or  not.  In  some  cases  part  of  the  expansive  force  has  to  perform  more 
dlsgTQgation  work,  in  others  less.  In  the  text  we  have  simply  endeavored  to  simplify  the  deter- 
mination, and  to  illustrate  ItK  physical  significance  by  taking  a  body  in  which  the  dlegregation 
work  is  nearly  zero,  and  thus  making  our  experiments  upon  a  gas  at  a  point  for  which  this 
assumption  is  known  to  be  approximately  correct.  Whether  this  seems  perfectly  correct  or  not, 
the  fact  remains  that  the  absolute  zero  is  a  point  which  has  a  definite  physical  significance,  and 
which  is  capable  of  more  or  less  accurate  determination,  for  all  bodies,  whether  perfect  gases  or 
not.  It  has  thus  been  found  to  bo  very  closely  -  S73^  C.  for  bodies  in  which  the  dii^fregatloa 
work  is  not  zero.  But  even  if  it  had  no  physical  significance,  which  it  has,  and  if  the  above  con- 
clusion were  founded  upon  the  consideration  of  a  body  poRsessinp:  purely  hypothetical  properties, 
which  is  not  the  case,  still  it  would  not  follow  that  the  determination  of  such  a  point  would  be 
without  value.  The  co^ffidUnt  qf  elasticity  is  also  a  purely  supposititious  force,  which  will  stretdi 
a  purely  hypothetical  body  by  its  own  length,  and  yet  it  is  of  considerable  use  in  determinations 
of  strength  and  fiexure  of  bodies,  and  can  scarcely  be  considered  as  "  retarding  the  development 
of  science." 

Let  it  be  remembered,  then,  that  there  is  an  absolute  sero,  and  that  it  Is  the  same  for  M 
bodies,  and  is  very  closely  -  S78^  C,  as  determined  by  experiment.] 
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Sinoe  in  the  last  ezperimeBt  no  outer  work  is  performed,  but 
all  the  heat  imparted  goes  to  increase  the  vibration  work»  we 
ought  to  expect  the  amount  of  heat  necessary  to  be  imparted 
for  a  certain  rise  of  temperature  to  be  less  than  in  the  first 
case,  where  outer  work  is  performed.  This  conclusion  is  con- 
firmed by  many  and  various  observations. 

[We  giTe  here  tables  of  the  most  remarkable  temperatoreB : 

Greatest  artificial  oold —140^0. 

Mercniy  freeaes —  89.4^ 

loe  melts ©• 

Greatest  denaitj  of  water. . , 4* 

Blood  heat 86.6' 

Water  boils. 100' 

Bed  heat 628* 


MELTDTO  POniT  OT  DimBEIlT  8UB8T1HCI8. 


Platiiitmi 

Wrought  Iron. . 

Steel 

Cast  Iron  (gray). 

"  "  (white) 
Oold  1100  to.  .. 
1060  to.. 

iver 

Bionn 

Antimony 

Zinc 

Lead. 

Bismnth 


c«. 

c». 

2600 

1600 

1400 

1200 

1060 

1260 

1200 

1000 

900 

482 

800 

880 

200 

Tin 

280 

5Tin,  1  Lead 

104 

8  Bismuth,  8  Tin,  6  Lead. . . . 
4  B.,1T.,1  Lead  (Rose's  metal) 
Sulphur 

100 

04 

100 

Yftliow  Wax. - 

61 

Soda . 

Potash 

00 

68 

Stearine 

49-48 

Paraffine 

46 

PhoBohorus. 

48 

Oil  Tumentine 

-10 

flierourv  ......*.^>t.t.t'rTT- 

-89 

Water 

0 

BOnJNe  POINT  OF  DIFFERBNT  SUBSTANCES. 


Sniphnric  Add 

Sol^ur 

QUToipentine 


c. 


860 
826 
440 
166 


Linseed  Oil 

Nitric  Acid 

Alcohol  (spec.  gr.  0.79  at  20^) 

Sulphuric  Ether 

Sulphurous  Acid 


0. 


816 

86 
78.4 
86 
-10] 


CoHadatian  of  the  Mechaniocd  Equivalent  of  Heat. — ^Wben  the 
heated  air  is  free  to  expand  and  oyercome  the  outer  air  presa- 
10 
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nre,  the  amount  of  heat  necessary  to  be  imparted  to  one  Idlo- 
gram,  in  order  to  cause  a  rise  of  temperature  of  one  degree  is 
0.23751  heat  units.  This  is  the  ''  specific  heat "  of  air  for  constant 
pressure.  The  exact  determination  of  this  number  is  due  to 
Begnault. 

If  the  heated  air  cannot  expand,  if,  therefore,  the  volume  re- 
mains constant,  only  0.1684  heat  units  are  necessary  in  order 
to  raise  one  kilogram  one  degree.  This  is  the  ''  spec^  heat " 
for  constant  volume. 

The  specific  heat  of  the  air,  for  constant  pressure,  is,  therefore, 

A  OQ7KI 

h'l  «fti7  ~  I'^IO  times  greater  than  that  for  constant  volume. 

This  number  has  been  determined  by  a  score  of  observations 
made  in  different  ways. 
The  excess  of  heat, 

0.23751  -  0.16847  =  0.06904 

heat  imits,  is  that  which  goes  to  the  performance  of  outer 
work. 

We  have  already  seen  that  when  one  kilogram  of  air  is  heated 
from  O"*  to  273"",  and  is  free  to  expand  under  the  air  pressure, 
the  outer  work  is  7991.15  meter-kilograms.  If  heated  from  0^ 
to  I'',  then  the  outer  work  is 

-^jk —  =  29.272  meter-kilograms. 

This  number  we  denote  generally  in  the  mechanical  heat- 
theory  by  the  letter  B.*  A  work  of  29.272  meter-kilograms 
corresponds  to  an  expenditure  of  heat  of  0.06904  heat  units. 
One  unit  of  heat,  then,  corresponds  to 

oTWiQrU  ~  ^3.98  meter-kilograms. 

This  result  agrees  perfectly  with  that  found  by  Joule  as  the 
mean  of  a  large  number  of  experiments.  We  can  now  easily 
deduce  a  general  formula  for  the  mechanical  equivalent. 

If  we  denote  the  specific  heat  of  air  for  constant  volume,  that 
is,  the  number  0.16847,  by  O9,  and  that  for  constant  pressure,  or 
0*23751,  by  c^,  then  the  difference  c^  —  c„  denotes  the  amount 

*  iFor  Ftthrenheit  degrees  and  foot  lbs.  B  =  53.854.  The  student  will  do  well  to  make  tbe 
cnlcnittion.] 
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of  heat  corresponding  to  the  outer  work  of  29.272  meter-kilo- 
grams, or  to  the  work  R.    For  one  unit  of  heat,  therefore,  we 

obtain  the  mechanical  work  (mechanical  equivalent)  -^ ,  from 

the  proportion 

1 

Cp  ■"■  Cp  •  X  •  •  Xv  •  "^  • 

Hence  we  have  -z  = . 

A     c^  — Cp 

Since  c,  =  L41c0,  we  have,  when  we  substitute  for  1.41  the 
letter  i, 

1  ^_B_ 

^        CpAC  ~~  Cp 

or,  since  it  is  customary  to  write  Cp  without  the  index. 

If  we  assume  the  older  determination  of  the  specific  heat  for 
constant  pressure  of  Delaroche  and  B^rard,  of  0.267,  we  obtain 
a  smaller  value  for  the  mechanical  equivalent  It  is  thus  that 
Kajer  found  (1842)  the  number  366,  Holtzmann  (1845)  374 
jmd  Clausius  (1850)  370. 

[The  YAlae  oiR  in.  French  measnree  and  Centigrade  degrees  is,  as  we  have 
fieen,  for  air  29.273  meter-kilograms.  We  give  here  the  values  of  R  for  other 
gases  hoth  in  French  measures  and  in  English  measures  for  both  Centigrade  and 
Fahienhfiit  degrees. 


French  If  «traTCs.  EngUsh  VeMores. 

CenUsrade.  Cent  Fahr. 

Air 20.272  meteiwkQ. .. .    06.0676  68.864  foot  lbs. 

Nitrogen. 80.184       "       ....    08.867  64.026 

Oxygen 26.475        "       ....    86.862  48.257        « 

Hydrogen 422.612       "       ....1886.570  TW.822       " 

These  can  all  be  calculated  from  the  formula 

wboe  y  is  the  density,  or  weight  of  one  cubic  unit  of  volume. 

The  Talue  of  -j-  is  424  meter-kilograms  for  French  measures  and  Centigrade 

degrees,  1,300  foot  lbs.  for  English  measures  and  Centigrade  degrees,  and  772 
loot-pounds  for  English  measures  and  Fahrenheit  degrees. 
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I" 


V 


^  We  giro  below  the  yalues  of  Cp  and  co. 

CO 

1.4008 
1.4114 
1.4026 
1.4132 


^ 


Weight  of       WeWhtof 
1  Cubic  Meter  1  Cumc  Foot 


* 


Air  .   0.1«847 

Nitrogen 0.17373 

Oxygen 0.15507 

Hydrogen 2.41226 


in  KUogruns.     in  Poimdt. 

0.28751. . .  .1.20818. . .  .0.08078 
0.24380. . .  .1.25616. . .  .0.07860 
0.21751. . .  .1.42080. . .  .0.08026 
3.40000. . .  .0.08057. . .  .0.00550] 


Increase  of  the  Eaopansive  Force  by  Compression.  —  MarvMis 
Law. — ^When  we  heat  the  air  without  allowing  it  to  expand,  its 
expansive  force  increases  at  the  cost  of  the  heat  imparted,  bnt 
its  density  remains  the  same.  Let  ns  now  increase  the  expan- 
sire  force  in  another  way,  viz.,  by  compressing  the  air.  Accord- 
ing to  onr  principles  the  action  is  evident ;  for  by  compressing 
the  air  we  perform  mechanical  work,  and  this  can  always  re- 
place a  certain  amount  of  heat 

If,  then,  we  assume  below  the  piston  EFy  Fig.  12,  one  cubic 
meter  of  air  at  0°  temperature  and  atmospheric  pressure,  the 

expansive  force  will  increase  as  the  piston  is 
forced  down.  If,  for  example,  the  air  is  com- 
pressed into  half  its  former  volume,  its  tension  is 
twice  as  great ;  if  compressed  to  one-fourth  of  its 
former  volume,  its  tension  is  four  times  as  great ; 
and  so  on.  In  such  case  we  assume,  indeed,  that 
the  iemperaJbure  is  kept  constant^  viz.,  at  0"".  In  the 
same  degree  in  which  the  tension  increases,  the 
density  evidently  increases  also. 

This  law,  according  to  which,  for  constant  temr 
perature,  the  tension  of  a  gas  increases  as  its 
volume  decreases,  is  called  Mariotte^s  law. 
This  law  also  is  a  necessary  consequence  of 
our  assumptions  as  to  the  constitution  of  gases. 

Every  atom  in  the  cubic  meter  of  air  makes  at  0^  a  certain 
number  of  impacts  upon  the  piston,  and  thus  causes  a  certain 
pressure.  If,  at  the  same  temperature,  the  gas  only  occupies 
half  its  original  volume,  the  atom  makes  in  the  same  time 
double  as  many  impacts,  because  its  velocity  (temperature)  is 
the  same,  and  it  has  only  half  as  far  to  go.  Its  pressure  upon 
the  piston  is  therefore  twice  as  great,  and  since  this  is  the 
case  with  all  the  atoms,  the  tension  of  the  entire  mass  must  be 
twice  as  great 


Fu.  18. 
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If  we  denote  ihe  yolnme  of  air  by  Vi  and  its  tension  by  pi 
(upon  the  square  ineter)^  then  change  the  yolnme  Vi  into  F^ 
and  the  pressure  pi  into  p^  we  have,  according  to  Mariotte's  law, 

FtiV^iij)^: Pi,  orVipt-  Vtp^ 

If  the  volume  V%  with  the  tension  jps  is  changed  to  F^  with 
the  new  tension  j9^  we  haye, 

VtiVziipiiPis  or  r,ft  =  p;p^ 
Comparing  with  the  aboye,  we  haye 

Vipi  =  r^p,  =  r^eio.  ....  (VUL) 

We  see,  therefore,  that  the  product  of  the  volume  and  preseh 
ure  is  constant,  provided  that  the  temperature  is  kept  the  same. 

As  now  the  expansive  force  increases,  the  density  also  in- 
creases, imd  inversely. 

If  the  density  for  the  volume  Vi  is  2>i,  and  for  V%  =^  D^we 
have 

Fi :  r, : :  A :  A,  or  Fi  A  =  V%Dt, 

On  the  otber  hand,  A  :  A  '•  'Pi  '-Pit 

The  density  increases,  therefore,  inversely  as  the  volume,  and 
directly  as  the  tension. 

ExAXPLB  l,^What  18  (he  weight  of  \th  eubie  meter  of  air  at  0**  emd  4  oAmm- 
phereef 

Oira  cubic  meter  at  0**  and  atmospheric  preasure  weighs  1.39818  kilogFunSy 
heiioe  ith  of  a  cafaic  meter  weighs  0. 16165  kilograms.    We  haTe  tbooL 

1:4::  0.16166 :  x. 
Hoooe 

«  =  4  X  0.16165  =  0.6465  kilograms. 

[In  the  same  waj,  the  weight  of  ith  cubic  foot  of  air  at  82*  F.  and  4  atmoa- 
phms  is  0.040872  lbs.] 

Example  3.— Tf%crf  ie  ihe  wdwne  of  one  kito,  of  air  at  0**  and  ith  aimaephere  f 
One  kilogram  of  air  at  0^  and  at  atmospheric  pressure  has  a  volume  of 

<  <>ftiiiQ  =  0.7738  oublo  meters.    Its  volume,  therefore,  at  a  tension  of  ith  of  an 

atmosphere,  is  given  bj  0.7788  : «  : :  i :  1,  or 

s  =  5  X  0.7788  =  8.8665  cubic  meters. 
[The  volume  of  one  lb.  of  air  at  Sd""  F.  and  ^th  atmosphere,  is  found  in  same 
way  to  be  tlMIl  oub.  ft] 
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MarioU^a  and  Oay-I/uasac^a  Laws  Combined, — ^If  we  denote 
the  Toloine  at  0*"  and  ordinary  tension  by  Fo,  then  for  pressures 
of  2,  3y  4  ^  atmospheres,  tiie  volame  will  be,  according  to 
Mariotte's  law, 

Yl  R  R  Ya 

2  '   3  '  4* p^* 

If  the  temperature  of  the  air  is  t^^  it  is  evident  that  for  the 
same  tension  pi  its  yolnme  will  be  greater.  Since  for  each 
degree  the  air  expands  0.00367  of  its  yolume,  the  yolnme  V^ 
will  become  at  ti""  Vq  (1  +  0.00367^),  and  we  haye 

^      Fo  (1+0.00367^) 
Again,  if  the  tension  at  0""  were  p^  the  yolnme  wonld  be 

P% 
at  0'',  and  if  the  temperature  were  t^  instead  of  0°,  the  yolnme 
wonld  be 

ir.  fo(l+0.00367<,) 

rt  — . 


We  haye,  then, 


P% 


Von     .    AAAO^^.X    .     Vo 


or. 


Vi  :  r,  ::  ^(1  +  0.00867^)  :  ^ (1  +  0.00867<i), 

Pi  Pi 

V\  _p%    1  +  0.00367^  ^^  V 

f^i  "jPi  '  1  +  0.0d367<a '     '     •     •     ^^^^ 


The  law  expressed  by  this  formtda  is  known  in  physics  as 
the  combined  law  of  Mariotte  and  Qay-Lnssaa 
Since,  farther,  the  yolnmes  are  inyersely  as  the  densities, 

A_ft       1   +  0.00367^1  ncr^ 

A  "ih  *  1  +  0.00367^, ^    ' 

[For  temperature  ^  in  Fahrenheit  degrees  we  put  0.002038 
(^i  -  32)  in  place  of  0.00367^  eta] 

ExAHPLi  1.— J.  quamiUy  of  air  of  Vi=l  eubio  meter,  ii  =  10%  and  Pt  =  l 
eOmoephere,  ie  eampreeaed  to  V^  =  0.8  oubie  meter,  and  t^  =  100%  What  %e  the 
teneionf 

We  hare  from  DC., 

J__jp,     1  +  0.00867  X  10      „   .c«_       1.0867 
0.8"  1  ■  1  + 0.00867  X  100'         i.w>-i>«  ijgf » 

^  ^       1.35x1.867      1.70876     -^   .         , 

"  i'^  =  — i:0B67~  =  T0867  =  ^-^  •*™*P^®^ 
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Example  2. — If  a  mass  of  air  of  F^  =  30  cubic  tneterSy  P\  =  l  atmosphere, 
and  ii  =  10**,  in  paaeing  through  the  blowing  apparatus  of  a  blast  furnace  is 
heated  to  tt  =  200**  and  compressed  to  1.26  atmospheres,  what  wiU  be  its  new 
volume  f 

We  have  from  IX., 

80       1.26     1  +  0.00367  x  10 


F,  "■    1        1  +  0.00867  X  200* 


or 


^        80  X  1.7340       o«  Q     u-        i. 

^*  =  i:26in.o867 = ^^'^  ^""^'^  °''^*^"- 

[For  Fi  =  80  cubic  ft.,  p,  =  1  at.,  <»  =  10*  F.,  ^  =  200  F.,  hndp^  =  1.26  at, 
m  hare  F.  =  83.46  cnb.  ft.] 

EzAXPLB  8.— /jT  tJie  density  of  air  forpi  =  760°>">  TieiglU  of  barometer,  and 
<i  =r  0**  M  1,  wJuit  would  be  the  density  for  pt  =  7G0«^  and  ^  =  20''  / 

We  baT6  from  X., 

A_760     1  +  a00867  x  0 

1   "*  760' 1  +  0.00867x20' 

^•  =  §Tlk  =  8-li  =  «'««'' 

and  hence  the  weight  of  one  cubic  meter  in  the  new  condition  would  be  only 

1.2tt8]8  X  0.9105  =  1.189  kilograms. 
[For  ti  r=z  82<*  F.  and  ^  =  20'  F.,  we  have  D.  =  1.01158,  and  the  weight  of 
one  cubic  foot  ie  0.06168  Ibe.] 

Trans/armatum  of  the  last  two  Formulce. — ^In  the  mechanioal 
theory  of  heat  these  last  formulsB  are  put  into  a  simpler  form. 
First  we  denote  the  coefficient  of  expansion  by  a^  and  can  thas> 
write 

Zj.=J?1.1±^      or    -P«^JPt     1  +  fl^^ 

If  now  we  divide  numerator  and  denominator  of  the  righi 
side  of  these  equations  by  a^  we  have 

IT  -  +  *i  71  -  +  ^ 

1 

Since  now  a  —  y^^,  and  hence  -  =  273,  we  naTe 

r;      Oj    273 +  <i  :?i_£i    273jMi 

^«  ~i>i     273  +  <,  2>,  ~jp,  *  273  + «, * 

From  the  first  of  these  equations  we  have 

273  +  <.  ~  273  +  W 
In  like  manner  we  have  for  the  vohime  Fi,.the  tension  j)^  ani 
the  temperatore  d, 

273  +  «,~273  +  <i." 
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We  havOi  therefore,  generallji 

273  +  ^     273  +  <8     273  + «»'  '    '    ^      ^ 

It  thus  appears  that  the  above  quotients  have  a  oonstant 
value  for  any  "  perfect "  gas.* 

The  formulsB  hold  good,  evidently,  when  Vi  and  Vf  are  the 
**  specific  volumes,"  that  is,  the  volumes  of  the  unit  of  weighty 
as  the  kilogram. 

If  therefore  Vq  is  the  specific  volume  for  t^  =  0^  and  atmos- 
pheric pressure  po,  and  Vi  that  for  the  temperature  ^  and  ten- 
sion j[)i,  we  have 

273  +  ^,""273  +  <t'  ®^ 

But  now  the  volume  Vq  for  the  pressure  po  and  temperature 
U  is  known.  For  since  1.29318  kilc^rams,  under  these  circum- 
stances, is  known  to  occupy  the  space  of  one  cubic  meter,  one 
kilogram  will  occupy 

[One  pound  at  32''  Fah.  occupies  the  space  of 

OO^  onbio  feet] 

This  is  therefore  the  specific  volume  Vq  at  0°. 
If,  now,  we  express  po  in  kilograms  per  square  meter,  or  put 
p^  =  10334  kilograms,  we  have 

VqPo     ^  1.29318  ^  ^'''''^  _       10334      _    10334    _^^^^ 
273  +  ^0  273  +  0        "■  1.29318  x  273~353.03814~       '^ 

We  have  then 

273  +  ei "  273  +  ^ ""  ^^•^^^• 

[Taking  the  temperature  Fahrenheit  and  the  volume  of  one 
pound  and  the  pressure  per  square  foot,  we  have 


491.4  +  (^  -  32)  =  ^^'^^ 


*  [Meftoing  bj  "  perfect  gu  "  one  between  wboee  molecules  there  are  no  fotoee  of  attrao- 
tlon,  or  one  bo  far  removed  from  its  point  of  liqaef action  that  the  dlBgiesatlon  work  may  be  db»- 
fegarded.] 
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This  number  we  have  already  found  to  be  the  outer  work 
performed  under  atmospheric  pressure  by  one  kilogram  of  air 
when  its  temperature  is  raised  from  0""  to  l"".  This,  as  already 
lemarkedy  we  denote  by  R^  and  have  thus 

-"  "  273  +  ^,  -  273  +  ^  "  273  +  «, '  ®^' 

where  i;^,  t^i,  v^  are  the  specific  volumes,  or  volumes  of  one  kilo- 
gram of  the  gasy  and  Pa,  Pu  P%  ^^^  the  specific  pressures,  or 
pressures  upon  the  square  meter. 

If  |>  is  expressed  in  atmospheres,  we  have 

[For  English  measures  the  corresponding  value  of  £  = 
0.026206.] 

For  other  gases,  which  have  different  densities,  jB  has  differ- 
ent values. 

We  have  already  remarked  that  the  absolute  zero  of  temper- 
ature lies  at  273''  below  the  zero  of  the  centigrade  scale.  At 
this  temperature  the  living  force  of  the  atoms  is  0,  and  the 
body  possesses  no  heat 

F^om  this  point  the  heat  of  a  body,  or  its  inner  work,  should 
be  measured.  If,  then,  a  body  has  a  temperature  of  0""  accord- 
ing to  the  thermometer,  its  actual  temperature  is  273°,  and  so 
for  the  temperatures  ^,  ^  ^  etc.,  the  absolute  temperatures 
are  273  +  tu  273  +  ^  273  +  ^,  etc.  [For  Fahrenheit  scale  the 
corresponding  absolute  temperatures  are  459.4+^,  459.4+^,  etc.] 

Thus  we  see  that  the  denominators  in  the  equations  above 
give  the  absolute  temperatures.  I^  then,  we  denote  these  by 
Tu  T^  eta,  we  have 

^'  To"  Ti"  T,' 

That  iBy\fwe  divide  the  specific  vclumea,  mtdtipUed  by  their  coT' 
responding  pressurea^  by  the  corresponding  absolute  temperatures^ 
{he  quotients  are  constant  and  equal  to  jS,  or  for  air  to  29.272,  [or 
63^354  for  English  measures,  and  Fahrenheit  degrees.] 

*  Taking  the  tcmpentora  Vahrenliett  and  the  rolnme  of  one  poand  and  preanire  per  aqnafe 
foot,  wehATe 


J 
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From  these  equations  we  obtain 

5!ri  =  t7i^  V,eta    .    .    .    (xn.) 

BT,  =  v,p  ) 
In  this  form  the  combined  laws  of  Mariotte  and  Gkky-Lossao 
can  be  easily  remembered.    We  shall  have  occasion  to  make 
frequent  use  of  these  formulsB.* 

Example  1. — What  is  the  volume  Vi  of  am  hitogram  of  air  at  ike  tempera- 
tun  ti  =  100''  and  pressure  pi  =  5000  kilograms  per  square  meter  f 

We  have  29.272(278  +  100)  =  «,  x  WOO. 


^"^        **  =  — 5000 = -5000- =  2-^^  ^'^^^'^  °^^*«^ 

[For  1  lb.  at  100'  Fah.  and  1024  lbs.  per  square  foot,  we  hare  «i  =  29.1467 
oubio  feet.] 

Therefore,  2, 8,  4  .  .  .  kilograms  of  air  would  occupy  the  space  of  2  x  2.1887| 
8  X  2.1887,  4  X  2.1887  cubic  meters,  etc. 

Example  2. — If  one  kilogram  of  air  has  a  volume  of  8  eubie  meters  and  tern- 
perature  of  200",  what  is  its  pressure  per  square  meter  9 

We  have  29.272  (278  +  200)  =  ^p^,  oxpy  =  4615.218  kilograms. 

Example  8. — Whai  is  the  temperature  /,  of  one  kilogram  of  air  whose  teur 
eion  ispi  =  8  aimoepJteres  and  volume  v,  =  0.5  eubie  meters  f 

We  have  0.002888  (278  +  ^0  =  0.6  x  8, 

or  0.7784  +  0.002888^,  =  1.5 

0.002888/i  =  0.7266 

^1  =  256.4  degrees. 

[For  1  lb.  of  air,  i^i  =  3  atmospheres  and  «i  =  14  oubio  feet^  ^i  =  1206.7°  Fah.] 


QUESnONB  FOB  EXAMINATION. 

What  is  the  diflgre^tion  work  in  a  perfect  ga«  9  What  effects  are  prodnced  by  heat  im- 
parted J  How  does  the  outer  work  compare  with  that  for  eoUd  and  liquid  bodies  f  What  is  the 
coefttdent  of  expansion  for  air  ?  If  K  cubic  meters  of  air  are  heated  t*  under  atmospheric  preas> 
nie,  what  is  the  new  Tolnme  ?  What  is  the  law  of  expansion  of  air  called  f  State  it  concisely 
in  words.  How  does  the  density  vary  with  the  temperature  for  constant  pressnre  f  How  can  yon 
ftnd  the  weight  of  V  cubic  meters  of  air  at  V*  ?  Does  the  coefficient  of  expansion  vary  for  differ- 
ent gases  ?  How  ?  For  what  gases  is  it  least  ?  Does  It  vary  with  the  pressure  ?  How  ?  What 
is  the  cause  of  variation  r  What  is  a  '*  perfect  gas  f"  Would  it  vary  for  such  a  gas  ?  If  we 
heat  one  cubic  meter  of  air  under  atmospheric  pressure  from  0*  to  878*  C;  what  is  the  outer  work 
performed  f  What  would  it  be  for  one  kilogram  of  air t  What  is  the  disgrsgation  work? 
Tlie  vibration  work  f   The  inner  work  ? 

When  air  is  heated  under  constant  volume,  what  effects  does  the  heat  produce  t   How  does 

V  V 

^  (If  F  is  the  volume  Of  Q  kilograms  of  gas,thien  ^istherolnmeof  one  kIlqgnun,or  «a  ~, 

and  hence  OBT»  Vp.l 
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tlw  pnmire  incniM  with  the  temperature  ?  If  thepreasure  at(Plsp,  whatieUat  1<>  f  AtS^f 
At  <"  t  What  is  thia  law  called  1  State  it  in  worda.  How  can  yon  explain  it  according  to 
tlwocetical  viewaf 

What  do  yoa  nnderstand  by  "  ahaolnte  zero  t "  Haa  this  point  a  definite  physical  signif- 
kance  f  la  it  tlie  same  for  all  bodiea  f  If  it  had  no  physical  signiflcatice,  would  it  neceseaiily 
fallow  that  it  is  valnelesa  in  the  theory  ?  Which  is  the  greater,  the  spedflc  heat  for  constant 
pieiwire  or  for  conatant  volame  t  Why  ?  What  ia  the  ratio  of  the  two  for  air  ?  What  does  JR 
de&oce  in  oar  notation  f   Deduce  a  relation  between  the  two  specific  heats  X  and  A. 

State  concisely  Marlotte*s  law.  Under  what  aaaumpUon  as  to  temperature  does  this  law  hold 
good  Y  la  it  a  consequence  of  our  theoretical  views  as  to  the  constitution  of  gases  ?  How  T 
If  Pi  and  9|  are  initial  preasnre  and  yolnme,  what  relation  aubsists  between  them  and  any  other 
p  and  9 1  la  this  law  exact  for  all  gasea  ?  For  any  gaa  r  What  do  we  call  a  gas  for  which  it  ia 
exact?  What  constitutes  a  "perfect"  gas?  Are  there  any  such?  What  relation  subsists 
between  Tolnme  and  density  ?  Between  pressure  and  density  ?  State  again  Gay-Lussac's  laws. 
State  algebraically  the  combined  laws  of  Mariotte  and  Gay-Lu»sac.  Deduce  a  relation  which 
mnat  exist,  by  Tirtue  of  these  laws,  between  the  volumes,  pressures,  and  temperatures  at  two 
different  atatea,  and  the  coeflicient  of  expansion.  Between  the  densities,  pressures,  and  tem- 
pentmea.  Deduce  from  theae  last  the  simplest  expression  of  the  combined  laws.  Does  this 
vdation  between  volume,  pressure,  and  temperature  hold  good  for  all  perfect  gases  ?  What  does 
JKalgnlfy?   What  ia  it  for  air  ? 

What  la  the  volume  of  8  kilograms  of  air  when  ita  pressure  ia  6000  kOograms  per  square 
mater  and  temperature  100*  C.  ? 

If  otne  kilogram  of  air  has  a  volume  of  8  cubic  meteia  and  a  temperature  of  100*,  what  press- 
vnimiat  It  have  ? 

If  S  kUograms  of  air  have  a  tension  of  8  atmospheres  and  a  volume  of  1  cubic  meter,  what 
mnat  be  the  temperature  ? 

How  many  kilograma  per  square  meter  correspond  to  one  atmosphere  ? 

If  8  cubic  feet  of  air  are  heated  ttam  0*  to  8*  C,  what  is  the  new  volume  ?  Fkom  0*  to  8* 
VUir.  ?   What  ia  the  density  in  each  caae  ? 

What  ia  the  weight  of  8  cubic  feet  of  air  at  atmospheric  pressure  and  85*  C.  temperature? 
At»*]nahrenhelt? 

If  9  cubic  feet  of  water  are  heated  under  atmospheric  pressure  from  0*  to  100*  C,  what 
cspendltare  of  work  ia  equivalent  to  the  heat  imparted  ?   From  40*  to  818*  Fahrenheit  ? 

What  la  the  coeflicient  of  expansion  for  air  ?  If  one  cubic  foot  of  air  is  heated  from  0*  C.  to 
178*  C,  what  ia  the  new  volume  ?  If  it  is  further  heated  from  878*  to  S74<^,  what  is  the  increase 
of  vohuBe  ?  Ia  thia  Increase  rHd  of  the  volume  at  8T8*,  or  of  the  volume  at  0*  ?  If  10  cubic 
ftat  of  air  are  heated  from  11*  C.  to  18*  C,  what  is  the  increase  of  volume  ?  Is  this  increase  i4-^d 
of  the  10  cubic  feet,  or  i\^d  of  what  the  volume  of  the  10  cubic  feet  would  te  at  0*  ?  Has 
imiiBiiiii  any  Inflaence  upon  the  coeflicient  of  expansion  ?  What  influence  ?  Does  the  coeflicient 
of  expanalon  vary  for  dUferent  gaaea  ?   Define,  then,  exactly  what  is  meant  by  coefficient  of  ex- 


Wo  iMeit  hare  fha  fallowing  values  of  J2,  for  air,  which  may  be  found  uaeful  in  calculations: 


pglveni 

tn  Kuograma  per  aq.  meu 

sr,  ev< 

91.  c 

• 

«i 

•       •( 

lbs.  per  sq.  ft, 

M 

M               •* 

"       ••     Indh, 

(t 

n        ** 

Inches  of  mercury. 

II 

•              M 

•< 

0             M 

II 

a        u 

»i                           u 

It 

0              M 

lbs.  per  sq.  ft. 

« 

•             M 

atmoapherea, 

II 

■         ** 

Iba.  per  sq.  inch. 

II 

■         '* 

Inches  of  mercury, 

II 

•        «• 

BfUimetera     ** 

II 

II  u  II  II  •'     J?=  O.OOS888L 

1  lb.  in  cub.  feet,  Temperature  Fah.,  B  =  58.854. 

••  "  ••  "  "     i?-  O.8T08 

"  "  ••  "  "      J?=s  0.75487. 

"  "  »•  "  "     if=  0.088806. 

•*  «»  •♦  »•  «•     J?  =10.1668. 

1  kil.  in  cub.  meters.  Temper.  Cent,  X  =  8.16874. 
1  lb.  in  cubic  feet,  "  "     J? » 96.0676. 

"    "    •«    "    "  iJ=s  0.046874. 

II     II     II    II    «»   J?=  0.666866. 

"     "     "     ••     «  J?=  1.85788. 

II     II     ..     II     li  ij  as  34.4847. 


C!HAPTEB  V. 

HEAT  CUBYES  AlH)  THE  HEOHAiaOAL  WORE  WHIGH  A  GAS  PEBFOBMB 
DUBINO  EXPANSION  AND  BEGEIYES  DUBINa  GOHPHESaiON. 

Isothermal  Curve. — ^Let  OX  and  0  F  be  two  lines  perpendicu- 
lar to  each  other,  the  so-called  **  co-ordinate  axes/'  OX  being  the 
axis  of  abscissas,  and  OF  the  axis  of  ordinates. 

Suppose  that  we 
have  in  a  cylinder  the 
unit  of  weight  of  air 
(one  kilogram)  of  the 
Tolume  OB  =  v,  and 
tension  BF  =  p,  and 
the  temperature  t  If 
this  air  expands  to 
double  its  volume,  or 
to  0C=  20B  =  2t;, 
and  if  we  suppose  that 
during  the  expansion  the 
temperatwre  t  is  awi- 
stant^  that  is,  that  heat 
is  imparted  to  the  air 
from  without  as  its 
temperature  falls  during  expansion,  then  the  tension  becomes 
0H=  \BF  =  ip.  If  the  volume  becomes  OD=^dOB=^  dv, 
the  tension  becomes  DI  =  ^BF  =  ip,  etc.  If  we  join  the  points 
FHIKj  the  curve  gives  the  law  of  variation  of  the  tension  with 
the  volume.  We  call  the  curve  thus  obtained  the  ''  isothermal 
curve  for  permanent*  gas."  It  represents  graphically  the  law 
of  Mariotte. 


ie- 


r — J 


Fie.  18. 


•  [Late  InvestigatloiisbaTe  ihown  tliatall  th«  so-called  *'  permanent'^  gases  can  be  UiiaeAed. 
The  term  is  therefore  to  be  taken  merely  as  applying  to  those  gases  whichf  under  ordlnaxj 
drcomstances,  are  so  far  ftom  their  point  of  liquefaction  that  the  diagregation  work  in  ezptiir 
■Ion  can  be  neglected.] 
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Mechanical  Work  which  the  Air  performs  dwnng  Expansion  and 
receives  during  Compression. — ^In  order  to  find  the  meclianical 
work  whicli  tlie  air  perforins  during  its  expansion,  we  must 
suppose  EE  divided  into  an  indefinitely  large  number  of  parts, 
thai  ia,  we  must  suppose  the  Tolume  t;  to  increase  little  by  lit- 
tle, and  find  the  corresponding  tensions.  The  pressure  during 
the  small  increase  of  volifme  may  be  regarded  as  constant,  and 
we  thus  obtain  the  work  during  this  increase  by  multiplying 
the  pressure  by  the  ch&nge  of  volume.  The  sum  of  the  pro- 
ducts thus  obtained  gives  the  mechanical  work  during  expan- 
sion. 

[Suck  a  summation  can  easily  be  made  by  means  of  the  cal- 
culus. 

Thus  if  the  initial  tension  is  pi  and  volume  v^,  and  if  after 
expansion  we  have  p  and  v.  we  have 

During  the  small  expansion  dv,  the  pressures  p  may  be  regarded 
as  constant,  and  the  work  performed  is  therefore 

^^  V 

Integrating  this  between  the  limits  v  and  Vu  we  have  the 
work 

L=piVi  log  nat-, 

or  in  common  logarithms 

i  =  2.8026  ©v log-    .    .    .    .  (XnL) 

where  v  is  the  greater  volume  and  Vi  the  less. 
Since  pi  :  p  ::  v  :  Vi,we  have  also 

Z  =  2.8026 /w  log  ^,    .    .    .    .(XIV.) 

where  pi  is  the  greater  tension  and  p  the  less.] 

The  same  formulas  hold  good  when  the  specific  volume  v  and 
tension  p  are  by  compression  under  constant  temperature 
changed  into  the  less  volume  Vi  and  greater  tension  pi.    They 

•  When  valng  Am  formate  either  ior  eKpenalon  or  compreMioa,  remember  that  -^  rnnet 
ahiiji  have  tkt  larger  qf  th4  two  vohtmu  in  UU  numerator,  so  also  forpj.    For  compreealan, 
weibovldhsTe^or  —  .   The  formute  all  i^ply  to  the  unit  of  weight 
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evidently  give  the  work  per  unit  of  area  of  the  piston  or  stit- 
face  pressed  upon,  since  p  is  the  pressure  per  unit  of  area. 

Example  1. — What  work  mud  be  expended  in  order  to  convert  0.83  cubic 
meters  of  air  at  ordinary  tennon  (760™""-)  inio  air  of  SU"*™-  tension,  the  tempera- 
ture being  kept  constant  f 

If  we  denote  the  original  Tolnme  by  Y,  and  tension  hjp,  and  the  new  greater 

Px 
tension  bypi,  we  have  L  =  2.8026  Vp  log  ~  ,^or  substituting  the  values  given, 

L  =  2.8036  X  0.38  x  10334  log  Hi  =  233.99  meter-kUograms. 
[For  10  cubic  feet  of  air,  we  have 

L  =  2.8026  X  10  X  (14.7  x  144)  log  Hi  =  1452.98  ft.  lbs.] 
Example  2.— FAa^  is  tJhe  mechanical  ufork  which  the  unit  of  weight  of  air 
performs  when  it  expands  to  double  its  volume,  the  temperature  being  eonstani^ 
its  volume  Vi  being  rrwim  =  0.7738  cubic  meters,  pi  =  10SS4  kilograms  per 
square  meter,  and  v  =  2vi  ? 

We  have  L  =  2.8026  piVt  log  - ,  or 

L  =  2.8026  X  0.7788  +  10334  log  2  =  5588.6  meter-kUograms, 

[For  1  lb.  of  air  the  volume  «i  =  q  AQQ744  =  12.8848  cubic  feet,  pi  =  14.7  lbs. 
per  square  inch,  and 

L  =  2.3026  X  12.8848  x  (14.7  x  144)  x  log  2  =  18169.8  ft.  lbs.] 
Example  H.—The  piston  of  a  steam  engine  has  cm  area  of  0, 14  square  meters. 
We  have  beneath  it  a  volume  of  steam  0.895  meter  high  and  8  atmospheres  tension. 
Whai  mechanical  work  is  performed  when  the  piston  moves  0.658  meter,  the  tem- 
perature remaining  constant  f 

The  original  volume  Vx  is  0.14  x  0.895  cubic  meters.  The  volume  F  after 
expansion  is  0.14(0.895  +  0.658).    Hence 

F  ^ 0.895  +  0.658  _  1.058      ^ehavethen 
Fi  0.895  0.895 

L  =  2.8026  X  0.14  x  0.895  x  8  x  10834  log  l^  =r  1679  meter-kilograms. 

0.S95 

The  work  of  the  steam  during  the  full  pressure  is  0.14  x  10384  x  8  x  0.896  = 
1714  meter- kilograms. 

Hence  the  total  work  performed  is  1679  +  1714  =  8398  meter-kilograms.  If 
this  is  performed  in  one  second,  we  have  a  work  of  'f  2^  =  45.2  horse  power 
(French).  [If  the  area  is  18  sq.  ft.,  the  volume  1.3  ft.  high,  the  tension  8  atmos., 
and  the  piston  moves  2.16  ft.,  we  have 

L  =  2.3026  X  13  X  3  X  14.7  x  144  log  5^£^  =  61010.7  ft.  lbs., 
or  about  111  horse  power.] 

Amount  of  Heat  imparted  or  abstracted  during  Expansion  or 
Compression^  aocording  to  Mariotte^s  Law. — ^We  know  from  what 
has  preceded  that  when  a  gas  expands  while  performing  work 
its  temperature  must  sink,  because  the  outer  work  is  performed 
at  the  expense  of  the  inner. 

If,  therefore,  during  the  expansion  the  temperature  remains 
constant,  heat  must  be  imparted  from  without 
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Since,  now,  the  temperature  or  vibration  work  remains  the 
same,  the  outer  work  performed  is  the  exact  equivalent  of  the 
heat  imparted.  If  therefore  we  denote  the  heat  imparted 
during  expansion,  measured  in  heat  units,  by  Q,  we  must  have 

424  g  =  2.3026  t!p log-. 

Since  we  denote  the  mechanical  equivalent  of  heat,  424  (or  772 

ft  lbs.),  by  -^ ,  we  have  generally 

I  =  2.3026  t;p  log  |- , 

or  C  =  2.3026  ^tTp  log  - (XV.) 

where,  in  general,  the  greater  volume  is  put  in  the  numerator. 
Just  as  during  the  expansion  of  a  gas  we  must  impart  heat 
in  order  to  preserve  the  temperature  constant,  we  must  abstract 
heat  during  compression.  The  work  performed  upon  the  gas 
goes  to  increase  its  vibration  work,  or  its  sensible  temperature. 
The  heat  abstracted  must  therefore  bo  equal  to  the  work  per- 
formed upon  the  gas.     We  have  thus,  in  this  case  also, 

Q  =  2.3026  Avp  log  - , 

or  Q  =  2.3026  Avp  log  ^ , 

where  v  is  always  the  greatest  of  the  two  volumes  and  px  of 
the  pressures. 

Isodynamic  Curve.* — ^For  solid  and  liquid  bodies  the  case  is 
not  so  simple.  When  such  a  body  is  compressed,  that  is,  when 
outer  work  is  performed  upon  it,  we  cannot  directly  determine 
how  much  of  this  outer  work  goes  to  increase  the  vibration 
work,  and  how  much  to  disgregation  work.  It  may  be  that  one 
or  the  other  of  these  parts  is  zero  or  negative,  as  we  have 
already  seen. 

We  have  therefore  for  solid  and  liquid  bodies  the  isodynamic 
curve,  which  gives  the  relation  between  pressure  and  volume 
when  the  inner  toork  (that  is,  both  the  vibration  work  and  the 
disgregation  work)  is  constant 

Since  in  gases  there  is  very  little,  if  any,  mutual  action  be-> 
tween  the  molecules,  and  therefore  no  work  is  required  to  bring 
them  nearer,  the  outer  work  performed  upon  the  gas  only 

•  tSometimei  caUed  aleo  **  isenergtc  curve,"  or  curve  of  equal  energy.   When  there  is  no  dis- 
gn^ttion  work  the  itothermal  curve  correq>ond8  to  the  iseneiglc  or  iBodjnamic] 
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increases  the  vibration  work.    Here  then  the  isodynamio  onrve 
becomes  identical  with  the  isothermal    All  that  has  been 
said  with  reference  to  the  isothermal  curve/or  gcuea  holds  good 
therefore  for  the  isodynamio  carve  also. 
If  in  the  formula 

Q  =  2.3026  Jt^ log  -, 

or  0  =  2.3026  Avip^^  log  - , 

we  pnt  in  place  of  ^  otpiVi  the  values  from  Equation  XIL,  vi£», 
BT  and  RT^  we  have 


0  =  2.3026  ^i?r  log  - 


(XVI) 


Q  =  2.3026  ^52\  log^ 

P 

where,  as  before,  v  is  the  greater  volume  and  pi  the  greater 
pressure. 

From  these  formulfld  we  can  determine  Q  when  the  initial 
and  final  volumes  or  pressures  and  the  temperature  are  known. 
Since  pv  =  piVi ,  so  also  BT  =  BTu  or  the  temperature  is  con- 
stant, as  should  be. 

BTAMPLE, 

We  have  one  kilogram  of  air  indoeed  in  a  cylinder.  The  temperature  is  ^  = 
80".  What  work  will  it  perform  when  it  expands  from  the  leas  volume  v^  to  the 
greater  v  =  f  v^,  aud  how  many  units  of  heat  must  be  imparted  to  keep  the  tem- 
perature constant? 

We  have  for  the  work 

2/ =  2.8006  £^1  log  i^  =  2.8096  AI\  log  t. 

Or  by  substituting  the  numerical  values 

L  =  2.8026  X  29.272  (273  +  80)  x  0.125  =  2540  meter-kilograms. 

Sinoe  now  a^^       ^       ^  ^  '^^*  ^^  ^^^  ^^^  ^ 

1^  X  2640  =z  6.012  heat  units. 
[For  one  lb.  at  86'  Fah.,  we  have  Ti  =  458.4  +  86  =  545.4%  and i2  =  58.854, 
hence,  L  =  2.3026  x  58.854  x  545.4  log  }  =  88753  ft.  lbs.  =  10&5  heat  units.] 

Adiabatic  Curve,* — ^If  a  gas  expands,  all  the  time  performing 
work,  withotU  any  heat  being  imparted  to  it  from  toUhoutf  the  outer 
work  which  it  performs  can  only  be  at  the  expense  of  the  Tibra* 

«  [Sometimefl  called  also  **  itentropie  carve,'*  or  carve  of  equal  **  entropy; "  entropy  beiog 
defined  as  that  property  of  a  body  that  remains  constant  when  the  body  ondergoes  any  change, 
but  without  receiving  or  losing  any  heat.] 
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tion  work  or  temperature.  The  temperature  then  dimimsheB 
as  the  expansive  force  diminishes.  This  last  then  diminishes 
for  two  reasons ;  by  reason  of  the  increase  of  the  volume,  and 
by  reason  of  the  decrease  of  temperature. 

We  see  at  once  that  the  work  of  the  gas  for  the  same  expan- 
sion must  be  less  than  when  the  temperature  is  kept  constant 
by  iinpartmg  heat  from  without 

If  Vi  is  the  specific  volume  and  pi  the  tension  of  air,  and  v 
and  p  that  after  expansion,  we  have  now  no  longer,  according  to 
Mariotte's  law, 

v'.vxwpixp^        or       pv=piViy 

but  we  have  the  relation,  first  proved  b j  Poisson,* 

f^  :  Vi"^  ::  pi  :  jj, 

*  The  above  relation  was  proved  by  Laplace  and  by  Foisson  upon  the  hypothesis 
of  the  caloric  theory  of  heat  It  is  easily  deduced  from  the  mechanical  theory  of 
heat  by  the  aid  of  the  calculus.  For  those  who  wish  to  understand  the  method 
of  deduction  we  give  it  here.  Others  must  accept  it  simply  as  an  accurate  ex- 
pressian  of  the  law  of  relation  of  pressure  and  volume  during  adiabatio  change. 

We  have  for  every  perfect  gas 

or  pdv  +  vdp  =  SdT, 

U^  ir=£*!+^ (1.) 

If  we  denote  inner  work  by  IT  and  outer  by  A  then 

'     Q  =  A(U-^L\ 
or  dQ  =^  A  (dU -^  dL). 

Vor  adiabatic  dumge,  dQ  =  0,  and  hence 

dU-\-dL  =  0. .08.) 

Now  for  a  perfect  gas  there  is  no  disgregation  work,  and  <2  {7  represents  vibra- 
tion week  or  change  of  temperature  only.    Hence 

dU=  5  dT. 

Also^  sinoe  the  pressure  for  a  very  small  change  of  volume  may  ba  oonsidered 

as  constant, 

dL=pdv. 

Sobstitoting  in  (8)  and  referring  to  (1)  we  have 

^{pdv-^-vdp)  ^pdv  =:  0 

lor  the  differential  equation  of  the  adiabatic  curve. 
Bat  from  Equation  VII.  we  have  ^  =  j^3^,  hence 


j^^^<jpdv'^vdp)'hpdv  =  0^ 


n 
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or  p^  =  PiVi'^9 

ar=f (^) 

where  v  is  the  greater  volnme  and  pi  the  greater  pressure. 
The  law  is  yery  similary  as  we  see,  to  Mariotte's^  only  the  vol- 

umQS  are  raised  to  the  power  denoted  by  L4Ly  or  in  general  by 

f* 

•^y  i.  e.y  the  ratio  of  the  specific  heat  by  constant  pressure  to 

the  specific  heat  by  constant  yolume.    This  law  has  therefore 
been  very  appropriately  called  by  Bedtenbacher  the  expo- 
nential Jaw  €f  Mariotte^  and  as  such  it  may  easily  be  remem- 
bered. 
If  we  make  nse  of  logarithms,  we  have 

L411og-  =  log  £l. 

^  Vx  p 

11  we  denote  the  ratio  L41  by  k,  we  haye 

ifelog-  =  log^. 

If  we  assume  the  initial  yolume  Vi  =  1,  and  the  initial  ten- 
sion |>L  =  1  atmosphere,  we  have  for  the  tension  p  when  the 
air  has  expanded  to  doable  its  volume,  or  t;  =  2vu  at  the  ex- 
pense of  its  inherent  heat,  that  is,  without  any  heat  being 
imparted  from  without^ 

L411og2  =  logl., 

P 

ot  jpdv  +  vdp  +  kpdv  —pdv  ==  0, 

or  hpdv  +  vdp  =  0. 

Diyiding  hypv,  we  obtain 

dp      hdv     A 

P        » 
Integrating  this  betewen  the  limitB  of  the  initial  preasaie  and  Tdmne  (jpi  and 
« J,  and  the  final  pressure  and  Tolume  {p  and  v\  we  have 

log  ji  —  log/>i  =  *  log  V,  —  *  log  V, 
BV>r  air  the  ratio  of  the  specific  heats  k  =  1.41,  henoe  we  hava 

jpf^«  =zplVi^^» 
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or 


or 


L41  X  0.8010  =  log  - , 

Jtr 


or    0.42441  =  log  — , 


—  =  2.6671,    or   j3  =  5-^^  =  0.  376  atmosp. 


If  the  air  had  expanded  according  to  Mariotte's  law,  that  is, 
if  heat  had  been  imparted  from  without  in  such  a  manner  that 
while  expanding  the  temperature  remained  constant,  we  should 
haTehad 

p  =  0.5  atmospheres 

It  is  now  easy  to  calculate  in  similar  manner  the  tension  ^, 
which  the  air  has,  when,  without  receiving  heat  from  without, 
it  expands  to  3,  4,  etc.  times  its  original  volume.  If  we  should 
thus  actually  compute  these  tensions,  and  lay  them  off  as 
ordinates,  with  the 
corresponding  toI- 
nmes  as  abscissas, 
the  curve  BCDE  Y 
thus  obtained  would 
give  the  relation  of 
volume  to  pressure. 
This  curve  is  called 
the  advoUbaXic  curve 
for  permanent  gase& 
We  see  that  it  ap- 
proaches the  axis  of 
abscissasmuch  more 
rapidly  than  the 
isothermal  or  isody 
namic  curve,  which 


:aI 


U ^_, 


is  represented   by      \i %■-- p  ^ 

the  broken  Une.  Let      **  ^~J!rT.  ** 

,    .  Bto.  14. 

US    now   determme 

the  decrease  of  temperature  of  the  air  during  the  expansion. 

We  have  found  by  Equation  XIL,  for  the  combined  laws  of 
llariotte  and  Qay-Lussac, 

pv==BT, 
jHVi  =  BT,,  eto., 

where  T  and  Ti  are  the  absolute  temperatures  at  the  volumes 
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V  and  Vi.    From  Equation  XViL  we  have  for  adiabatio  expan- 
sion 

'jlV'*'=  pl  or   !^  =  a. 

If  we  multiply  both  sides  by  v^  and  divide  by  v^  we  have 


(■ 


1^  A^  ««  /    «1    \     0^ 


or     (^)     =^.     .     (XVIIL.) 


tWi*"  ~   JW  \VxJ  pV 


( 


orgeneraUy  ^±y  =  ^ (X7III&) 

The  right  side  of  this  equation  becomes  ^^  =:  -  \  and  henoe 

U/   "■  i^ ""  273inr'  •  •  ^-^^^^^ 

or  generally,  patting  2;  for  the  ratio  ^^, 

t>J     ~  T' ~  273  +  «'    *    *    *    ^^^■'-^' 
We  can  therefore  find  the  final  temperatnre  t,  from  the  initial 

temperature  «.  and  the  expansion  ratio  | . 

We  see,  then,  from  the  formula,  that  the  0.41  potoers  of  the  qse- 
cj^  vdumea  are  inverady  propartioTud  to  the  corresponding  (ibsclvte 
temperatures. 

If  the  yxeifle  vckime  t^  of  the  air  hoe  tJ^  temperature  t|  =  80%  tohai  wiU  be 
ita  temperaiure  t  when  tt  Acw  expanded  to  y  =  2v^,  performing  work  and  ufiihoui 
receiving  heat  from  without  t 

w  u  /8f;A«-«      278  +  80  ^j.  808 

\Vx  J  278 +  <  278 +  r 

or 

1.8286(278  +  0  =  808    or     862.7078  +  1.8286^  =  808.        1.8286<  =  - 58.7078. 

Hence  t  =  —  44.9". 

[For  tt  =  86"  Fah.,  we  have 

1.3286(459.4  +  Q  =  545.4        or       ^  =  -  48.9*  Fah.] 

(^\  •.41        rp 
—  J     =  -mi  tJ^®  expansive  force  p  or 

Pi  does  not  occur,  the  end  temperature  depends  solely  upon 
the  initial  temperature  and  the  expansion  ratio.    Whether 


ADIABATIO  OUBVE.  166 

therefore  the  specific  yolume  is  small  or  great,  and  hence  the 
expansive  force  great  or  small,  makes  no  difference  in  the  final 
temperature,  if  only  the  initial  temperature  remains  the  same. 

Just  as  we  have  determined  the  final  temperature  from  the 
initial  and  end  volumes,  so  we  can  also  determine  it  from  the 
initial  and  final  tensions. 

Thus  we  have  for  the  law  of  adiabatic  expansion, 

(lS^=   PL. 

This  cam  be  written 

XXa...iL  =  M«=/£L\'""   or    iL  = /^if .  .  (XX6.) 
^i       ^^       \PJ  v^      \pj       ^ 

If  we  mxQtiplj  the  numerators  by  ^,  and  the  denominators  by 
Pif  we  have 


This  gives  us 


vp  __  ppi^'^^ 


or 


vp  _  pr^'    ^^     vp^  _ 


i  \pij 


PiVt    pr'^'        piv 

or  generally  v^)"^"  I\ (XXB.) 

Hence,  <A6.0.2907  pouxrs  of  the  presaurea  are  direcUy  propoT' 
Uonal  to  the  abaolute  temperatures. 

EXAMPLE. 

We  haTB  in  a  cylinder  one  unit  in  weight  of  air,  at  a  tension  jv^  =  li  atmos- 
pheres, and  a  temperature  of  /^  =  80*".  What  will  be  its  temperature  i  when  the 
air  has  expanded  adiabatically  until  its  tension/)  is  only  one  atmosphere  ? 

We  have 

/  1  \o-""_  278  +  <  /ay«w_278  +  < 

\liy       -278  +  80       ^'         \8y        -    808     • 

Henoe 

0.8888  =  ?^|il      or     278 +  /  =  289.806      or      <  =  -8.«W% 

or  in  round  numbers  t=  -^  8.7**. 

The  temperature  therefore  ffdls  88.7"*. 

[If  we  have  1  lb.  of  air  at  86''  Fah.,  we  have  ' 

0.8888  =  ^^\t  1:  ^        or       *  ==  25.86''  Fah.] 
040.4 
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^   From  Equation  XXa  ^  =  (J^ 

^we  can  now  And  at  once  the  expansion  ratio,  or  the  ntio  of  the  final  Tolnme  to 
6  originaL 

6  thus  haye  ~  ~  ("2  )        ' 

henoe  —  =  1.338        or       —  =  f . 

V,  V 

While,  then,  the  tension  falls  in  the  ratio  of  3  to  2,  the  Tolume  inoreaseB  in  the 
ratio  of  8  to  4. 

Outer  Work  Performed  by  Air  when  expanding  AdicibaticaUy. — 
The  question  now  arises,  What  toork  does  the  air  perform  when 
it  expands,  performing  work,  without  receiving  heat  from 
without  ? 

Since  the  expansion  occurs  at  the  expense  of  the  yibration 
work,  or  of  the  temperature,  the  work  performed  must  depend 
upon  the  initial  and  final  temperatures. 

Now  we  know  that  under  constant  volume  we  must  impaH 
0.16847  heat  units,  in  order  to  raise  the  temperature  of  one 
weight  unit  of  air  one  degree.  This  heat  we  have  called  the 
specific  heat  of  air  for  constant  volume*  In  like  manner  we 
must  abstract  0.16817  heat  imits  from  each  kilogram  for  every 
degree  that  we  cool  it,  under  constant  volume.  But  0.16817 
heat  units  correspond  to  a  mechanical  work  of 

0.16847  X  424  meter-kilograms, 
or  0.16847  x  772  foot-pounds  for  standard  lb.  and  degree  FaL, 
and  this  work  must  be  performed  when  the  unit  weight  of  air 
is  cooled  one  degree  by  expansion,  while  performing  work,  be- 
cause the  work  performed  is  the  equivalent  of  the  heat  which 
disappears,  since  no  heat  is  imparted  or  abstracted  during  ex- 
pansion. 

We  denote  the  specific  heat  for  constant  volume,  or,  in  the 
case  of  air,  the  number  0.16847,  by  c,  and  the  mechanical  equiv- 
alent of  heat  (424  meter-kilograms)  we  denote  by  -j,  and  henoe 

the  work  is 

1       c 
c  X  "2  =  -J  meter-kilograms,  or  foot-pounds, 

according  to  the  value  of  -j  which  is  772  for  standard  pound 

and  l""  Fah. 
If,  therefore,  the  specific  air  volume  has  the  temperature 
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ti^  and  hence  the  absolute  temperature  273  +  ^  or  (459.4  +  ^) 

Fah.y  the  inherent  yibration  work  in  it,  or  the  ^'intrinsio 

energy,"  as  it  is  called,  is 

c  1 

%  =  -J  (273  +  <i)  meter-kilograms,  where  -^  =  424, 

c  1 

or       ^  =  "4  (*69«4  +  ^)  foot-pounds,  where  -j  =  772. 

If  now  this  volume  gradually  expands,  overcoming  an  outer 
pressure  which  at  any  moment  is  less  than  the  air  pressure  by 
an  infinitely  small  amount,  until  its  temperature  is  ^,  so  that  t 
is  less  than  ^,  then  the  inner  work  inherent  in  it  will  be 

t«  =  -j  (273  +  t)  kilograms. 
The  inner  work  which  disappears  is  thus 

u,-u  =  ^  (273  +  0  -  2"^^^  "^'^^ 

=  ^  ^(273  +  fi)  -  (273  +  0)=  2"(^  ""  ^)  meter-kilograms, 

and  this  is  evidently  exactly  equal  to  the  outer  work  performed, 
since  no  heat  has  been  imparted  from  without  If  we  denote 
this  outer  work  by  L,  we  have 

L  =  ^(t^'-t),   .    .    .    .    (XXTEo.) 
or  also,  -^ 

L  =  ^(Tt-T) (XXm.) 

=  71.431  {ti  —  t)  meter-kilograms.* 

=  130.0588  {ti  —  t)  foot-lbs ,  where  temperature  is  Fah. 

Thus  we  see  fhcBt  the  mib&r  work  is  proportuynal  to  the  difference 
hettoeen  the  irdtud  and  final  temperatures,  as  might  have  been  at 
once  concluded. 

The  area  BCDEFO  (see  last  Figure)  inclosed  by  the  adia- 
batic  curve  BCDE  and  the  ordinates  BO  and  EF,  represents 
the  work  performed  during  expansion,  or  the  decrease  in  the 
inherent  vibration  work 

The  final  temperature  t  in  the  last  formida  can  be  found  from 

Equation  XIXo^ 

/t?y-^_273  4-<i 

\v)         273+^' 

*  (Tlkit  ifl  the  woik  performed  by  one  nnit  of  weight  For  O  imlti  of  weight  we  haye 
TUBiO  (I,  -  0.  If  we  me  Fahrenheit  degrees  and  Englleh  meaaores  we  hare  180.06(7  («,  -  0> 
If  we  use  Centigrade  degrees  and  Bngliah  measures  we  have  884.178(7  (<i  -  0>  The  student  will 
do  weU  to  make  the  redactions.] 
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or  from  Equation  XXIa, 

••»o'      273  + 1 


(py    ^ 


273+<i* 
If  Q  is  the  number  of  disappearing  heat  units,  we  ha^e 

L=  -J  Qy  and  hence 

or  0  =  c  (f,  —  t)  heat  units. 

If  £  or  the  outer  work  is  equal  to  zero,  that  is,  if  the  air  per- 
forms no  outer  work  during  expansion — ^if  there  is  no  outer 
pressure  overcome — we  have 

0=-^(^,-0    or    0  =  ^-^, 

or  t=  ti. 

That  is,  the  fined  temperature  is  eqtud  to  the  initial  temperature^  and 
the  temperature  of  the  air  remains  unchanged^  as  the  experiment  of 
Joule,  already  noticed,  clearly  proves. 

EXAMPLE. 

What  is  the  work  performed  by  the  air  in  the  last  example,  when  the  tem- 
perature sinks  from  +  80"  to  —  8.7*  ? 

Here  f ,  —  /  =  88.7%  hence 

L  3=  71.481  X  88.7  =  2407.225  meter-kilograms. 

The  number  of  heat  units  disappearing  is 

Q  =  0.16847  X  88.7  =  6.6774 

We  may  also  determine  the  work  L  directly  from  the  initial 
and  final  volumes,  or  from  the  initial  and  final  tensions,  as  well 
as  from  the  initial  and  final  temperatures. 

Thus  we  have 

i=  2"  (273  +  tr)  -^  (273  +  t). 

If  we  divide  by  273  +  fc,  we  have 

L       _  ^  _  c^     273  +t 
273  +  ^» ""  ^       a'  '273  -f  tC 

The  factor  on  the  right  is,  according  to  Equation  XXIa=  f  -  j      f 
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and  since  B  (273  +  fe)  =  t;»^,  or  273  +  ^i  =  ^^,  we  have 

LB      c 


Vijh 


"A      A  \p,) 


O.tMT 


or 


X  = 


AB 


Vijh 


b-ii)""]  ■  (=^°-> 


ig^  «»«  ««.rdiBg  to  Eqnau™  XIX».  ^ii  =  (^)"', 
we  haye  also 

^=^*"^t -(?)"]  •  <^^*^> 

Compreaaion  of  Air  when  Heat  is  neither  Imparted  nor  Abstracted. 
— ^When  air  is  compressed,  the  opposite  phenomena  take  place. 
The  work  expended  in  the  compression  is  transformed  into  heat 
The  vibration  work  is  there- 
fore increased.  The  tension 
of  the  air  is  then  increased, 
for  two  reasons  First,  the 
density  is  increased  by  the 
compression,  and  the  atoms 
strike  oftener  against  the  pis- 
ton which  causes  the  compres- 
sion, and  this  alone  causes  an 
increase  of  tension.  Second, 
the  living  force,  or  the  veloc- 
ity of  the  particles,  is  in- 
creased by  the  heat  due  to 
the  transformation  of  the 
work,  and  this  also  causes 
an  increase  in  the  expansive 
force.  This  last  must  in- 
crease according  to  the  same 
law  as  before,  during  expan- 
sion, it  diminished. 

That  air  is  heated  by  com- 
pression has  long  been  known.    We  are  all  familiar  with  the 
**  pneumatic  syringe."    This  consists  of  a  glass  or  metal  cylin- 


ij — 


— ^ — 

Fie.  15. 


\Vi) 
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der,  in  which  moves  an  air-tight  piston*  Upon  the  nnder  side 
of  the  piston  is  a  piece  of  tinder.  If  now  the  piston  is  pressed 
quickly  down,  the  air  is  compressed,  heat  is  developed,  and 
the  tinder  ignited. 

If  we  denote  the  specific  volume  of  air  inclosed  in  a  cylinder 
by  Vi  and  the  pressure  by  joi,  and  if  v  and  p  are  the  volume 
and  pressure  after  compression,  we  have  from  the  law  already 
found,  when  heat  is  not  imparted  nor  abstracted, 

Let  now,  Kg.  15,  OB  =  Vi  =  1  be  the  initial  volume,  and  j>i  =  1 
atmophere  be  the  corresponding  pressure.  If  we  compress 
the  air  to  f  of  its  original  volume,  we  have 

p 

or  3'  >  =  4' "  ; 

hence  p  =  (f )''"  =  L6  atmos.  =  DK 

Fox  v  =  i=  OF,  we  have 

(ir=^,  hence  i)=2'-«. 

JT 

or  j>  =  2.657  atmospheres  =  FO. 

If  t;  =  J  =  OH,  we  have 

(i)"'  =  -,  hence 
P 
p  =  4'"  =  7.06  atmospheres  =  HL 

The  curve  joining  the  points  CEOI  thus  found  gives  the  law 
of  the  increase  of  pressure  as  the  volume  diminishes.  We  see 
how  rapidly  this  curve  rises  for  great  diminution  of  volume. 

The  area  BGEOHI,  inclosed  by  the  curve  and  the  ordinates 
BG  and  j57,  gives  the  mechanical  work  expended  in  compress- 
ing the  body,  and  which  is  therefore  completely  transformed 
into  heat. 

Example  1.— In  a  oylinder  we  have  one  Jdlog^run  of  air  of  0''  and  atmos- 
pheric presBore.  What  amount  must  it  be  compressed  adiabatically  in  order 
to  raise  the  pressure  to  2  atmospheres  ;  how  much  is  the  air  heated  ;  what  work 
is  necessary  for  compressing  it;  and  how  manj  heat  units  appear? 

We  have  from  Equation  XXo, 


henoe  t^ssCeilSSVi. 

Since  v^  is  the  specific  volume,  or  volume  of  unit  of  weight,  at  0**,  which 

volume  is  ^  oqq^q  =  0.773  cubic  meters,  we  have  for  the  volume  of  v 

V  =  0.778  X  0.61188  =  0.4781  cubic  meters. 
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The  final  temperature  /  is  given  hj  Equation  XXIa, 

/pY^  _  278 +  <  /2y""  _  278  +  < 

\Pi/        "a73  +  /i    ®'    \1/         "278+0" 
Hence  d»»n  x  278  =  278  +  <  =  884.01, 

or  /  =  884.01  -  278  =  61.01% 

The  air  therefore  beoomee  heated  to  61.0r,  The  mechanical  work  necessary 
for  the  compression  is,  from  Equation  XXIL, 

L  =  ^(/,  -  0  =  71.481  5  (0-61.01)  =-  4858  meter-kilogiams. 

The  negative  sign  denotes  that  this  work  is  received  bj  or  performed  upon 
the  gas,  instead  of  performed  bj  it 
The  quantity  of  heat  generated  is 

C  =  iU;  =  ^=^5.  =  - 10.28  heat  units. 

If  we  compress  only  i  or  {  of  a  kilogram  to  2  atmospheres,  only  i  or  i  as 
much  work  would  be  necessary,  and  we  should  generate  only  J  or  i  as  many  heat 
units.  But  the  rise  of  temperature  would  be  just  the  same,  as,  evidently,  this 
depends  only  upon  the  expansion  ratio. 

If  we  have  one  pound  of  air  at  82*  Fah.  and  atmospheric  pressure,  we  have 

as  before,  v  s=  O.6II8801.    Since  Vi  =  q  000^44 »  v®  have  0  =  7.578  cubic  feet. 

The  final  temperature  is  given  by  459.4  +  t  =  601.218,  hence  t  =  141.818.    The 

work  is  Z  =  180.0588  x  (83  -  141.818)  =  -  14282.797  ft.  lbs.     The  heat  is 

14382.797      -« „ .     .      .. 
— === —  =  18.5  heat  -units. 
772 

ExAMPLK  2. — ^If  a  caloric  engine  compresses  adiabaticaUy  at  each  stroke  i  of  a 
kilogram  of  air  at  10*"  and  1  atmosphere  to  4  atmospheres,  what  mechanical  work 
is  necessary,  and  how  much  is  the  air  heated  ? 
We  have  from  Equation  XXIa, 

/  p  V  •nw  _  278 +  <        /4y  "w  _  278  +  i 
\Pi)        "■278  +  <i        \V        "278  +  10' 

hnoe  ^=-278  +  288  x  4«>m' =  - 278  +  428.62  =  150.62% 

The  mechanical  work  is 

X  =  i4(<i- 0  =  ^^^(10-150.62) 

=  17.86  X  -  140.62  =  -  2511.47  meter-kQogxams. 
If  this  work  is  performed  in  one  second,  we  have 

?5y^  =  88.48  horsepower. 
75 

If  the  air  thus  compressed  is  confined  and  heated  278*,  its  pressure  would  be 
dmibled,  or  8  atmospheres.  The  temperature  after  heating  is  then  278  =  150.62 
=  428.62*. 

What  mechanioal  work  can  the  air  now  perform,  when  it  expands  adiabati- 
edly,  until  its  tension  becomes  again  one  atmosphere  and  temperature  at  10*  ? 

We  have  i  =  i2(<i-0  =  ix  71.481  (428.62  - 10) 

=r  17.86  X  418.62  =  7887.25  meter-kilograms, 
or  if  the  work  Is  performed  in  one  second, 

'^'^  =  28.5  horse-power. 
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The  oompiession  of  the  air  coiuniines  thns  about  \  of  the  work  which  the 
heated  air  can  perform.  If  we  assume  that  the  resistances  consume  about  40  per 
cent,  we  have  the  total  loss  of  work,  40  +  88i  =  73i  per  cent  Onlj  about  26} 
per  cent,  remain  as  useful  work.  In  most  cases  the  efficiency  would  probablj  be 
lower. 

[As  we  often  have  occasion  to  make  use  of  the  formul»for  adiabatic  expansion 
or  compression,  the  following  table  will  be  found  useful  in  abridging  calculations. 

The  table  gives  for  different  values  of  the  ratio  —  the  corresponding  ratios  of 

Pi 
the  temperatures,  volumes,  etc.    It  is  made  out  for  compression,  or  p^  greater 

than pi.  It  applies  equally  well  to  expansion  if  we  simply  suppose  all  the  sub- 
scripts at  head  of  columns  interchanged.  Before  giving  the  table,  we  group 
below,  for  convenience  of  reference,  the  adiabatic  formula  already  deduced. 


or 


?r-W/""^Tr/    '  '^^\p7) -yr;) 

For  air, 

*  =  1.41,    *- 1  =  0.41,     j^^  =2.44,     ^=0.7088, 

^-=^  =  0.2907,    T-^  =  8.44. 
Work  done, 

i=l(!r.-r,)  =2^.(1-^);  2('«-'.). 

In  these  f ormuhe,  for  air 

c  =0.16847,       25  =  2.44, 
and 

^  =  424,      2  =  71.481,      B  =  29.272  in  French  measures  and  Centigrade 

degrees. 

2  =  1890,      J  =  284.1788,     B  =96.0876  in  English  measures  and  Oenti- 
grade  degrees. 

~  =  772,      2  =  ^^-^^^^'      i2  =  68.354  in  English  measures  and  Fahren- 
heit degrees. 
T=  t  +  278  Centigrade  =  I  +  459.4  Fahronheit 

1  atmosphere  =  10884  kil.  per  sq.  meter  =  14.7  lbs.  per  sq.  inch. 


*  All  formnlsB  for  work  are  for  one  unit  of  wdght.    Thie  formiils  u  given  apply  to  ezpan- 
sion.   For  comprenion  exchange  Ribacripts. 
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The  sabeeript  1  denotes  initial  and  d  final  state.  Thns  pi  is  initial  and  p% 
final  preaBore,  etc. 

The  Table  holds  good  as  it  is  for  compression.  For  eipandon  exchange 
sohsciipts. 
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We  can  illofltrate  the  nae  of  this  table  by  the  exunples  aheady  giyen.    Thm^ 

Example  1. — ^In  a  cylinder  we  have  one  kilogram  of  air  of  0°  and  aUnoepherie 
pressure.  What  amount  must  it  be  compressed  adiabatically  in  order  to  raise 
the  pressure  to  two  atmospheres  ?  how  much  is  the  air  heated  ? 

Here  =^  =  2.  Opposite  2  in  the  table  we  find  at  once  -^  =  0.6117,  henoe 
v%  =  0.6117 1^,  the  same  as  already  found  by  calculation. 

We  have  also  at  once  from  the  table,  corresponding  to  ^  =  2,  -a^  =  1.2226; 

hence  Tt  =  1.2226  2\,  or  /t  +  278  =  1.2226  x  278;  hence  U  =  888.77  —  278  = 

00  77* 

For  82*  Fah.  we  have  ^  +  469.4  =  1.2226  x  491.4  or  f,  =r  141.8*  Fsh. 

EzAMPLB  2. — ^If  a  caloric  engine  compresses  adiabatically  at  each  stroke  i  of 
a  kilogram  of  air  at  10"*  and  1  atmosphere,  to  4  atmospheres,  how  much  is  the 
air  heated? 

Here  ^  =  4,  and  we  hare  at  once  from  the  table 
Pi 

^  =  1.4048,    or    «.  + 278  =r  1.4948  X  288,    or    ^,  =  160*. 
Tx 

If  <>  is  60'  Fah.,  we  hare  tt  +  459.4  =  1.4948  x  609.4.    or   ix  =  802*  Fteh. 
The  new  Tolume  is  ^  =  0.8741,    or    Vt  =  0.8741  «i. 

EzAMPLV  8. — If  \  kilogram  of  air  at  4  atmospheres  tension  and  160*  expamdt 
adiabatically,  performing  work,  till  its  tension  is  1  atmosphere,  what  is  its  new 
temperature  ? 

For  expansion  we  simply  have  to  invert  the  wbecripta  at  the  head  of  the  eot- 
unme.    The  student  will  do  well  to  make  a  special  note  of  this.    Oonsidering, 

then,  all  the  suoscripts  reyersed,  we  have  from  table  for  —  =  4,    ^  =  0.6690; 

Pi  -it 

hence  n  =  0.66907\  =  0.6690  X  428,    or    ^  +  278  =  282.98,    or    <>  =9.98*,  or 
about  10",  as  should  be. 

In  similar  manner  we  can  easily  find  pressure  and  temperatures  when  Tolume 
ratio  is  given,  or  pressure  and  volume  when  temperature  ratio  is  given.  The 
student  will  do  well  to  propose  other  examples  and  solve  them  both  by  table  and 
calculation.    (See  examples  at  end  of  Part  I.)    The  use  of  the  last  two  columns 

for  J  will  be  explained  hereafter,    ney  ham  no  referenee  to  temperaiure  at 
o27.] 

Transferen^se  of  Air  from  one  Adiahatic  Curve  to  Another. — 
We  have  now  to  deduce  a  very  important  thermodynamio 
principle,  of  which  we  shall  have  occasion  to  make  frequent 
use. 

Suppose  the  specific  volume  Vt,  with  the  tension  2)1,  and  the 
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abfiolnte  temperature  T^,  to  be  compressed,  without  any  heat 
being  added  to  it  from  without  or  abstracted  from  ii  The 
compression  thus  takes  place  according  to  the  adiabatic  ourye, 
or,  as  we  say,  this 
corre  represents  the 
law  of  the  change  of 
condition  of  the  air. 
If  the  Yolume  Ovi  = 
Vi  is  compressed  to 
Ot^  =  Vti  let  jpi  and 
Tf  be  the  corre- 
sponding tension 
and  absolute  tem- 
perature. If  the 
Tolume  is  Ov^  =  Vt» 
let  jh  and  Tm  be  the 
corresponding  ten- 
sion and  absolute 
temperature. 

Now  suppose  that 
the  air  with  the  yol- 
ume Vu  the  pressure 
Pi9  and  the  absolute 
temperature  ^T,,  or, 
as  we  may  say  briefly,  ''in  the  condition*'  ViPiTi,  has  heat 
imparted  to  it  in  such  a  manner  that,  while  it  expands  to  the 
Tolume  K7],  and  the  tension  sinks  to  ^i,  the  temperature  2\  re- 
niaiM  constant. 

Then  let  the  volume  vh  be  compressed  adiabatically,  so  that 
the  curve  BB  represents  the  relation  between  the  volume  and 
tension  at  any  instant 

During  the  passage  of  the  air  from  the  condition  ViPi  2\  to 
the  condition  WiqiTi  (while  therefore  the  tension  changes  ac- 
cording to  the  isothermal  or  isodynamic  curve  TiTi),  let  the 
quantity  of  heat  imparted  be  Qi. 

Suppose,  again,  the  air  in  the  condition  Vip^Tt  to  expand, 
heat  is  imparted  to  it  in  such  a  manner  that  the  tempera- 
ture Tf  is  preserved  constant,  until  it  arrives  at  the  condition 

to^tT^  in  the  adiabatic  curve  BB,  and  let  the  heat  imparted 
be  Q^ 
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Then  we  shaU  prove  this  relation : 

or, 

the  heat  imparted  in  the  first  case  is  to  thai  imparted  in  the  second^ 
as  the  ocyrrespoftvdi'ng  temperatures  Ti  and  Tt,  at  which  the  additicn 
of  heat  commenced. 

If,  a^ain,  the  air  passes  from  the  condition  v^piTi  to  the  con- 
dition w^iTsf  and  if  Qa  is  the  heat  imparted,  then  we  shall 
have 

We  have  then  generally, 

Qi :  0, :  ©8  =  2\  :  r, :  T^ 

Let  us  now  seek  to  proye  this  relation. 

The  law  of  the  adiabatic  curve  AA  is  from  Equation  TCTCTa 

(Jr;   -  2\ ^^^ 

or  it  is  also 

In  like  manner  the  law  of  the  adiabatic  curve  BB  is  given  by 

(fr=i (^) 

and 

)0.ttOT            fTt 
=  T. w 

The  amount  of  heat  Qi  which  is  necessary  to  change  the  gas 
from  the  condition  ViPiTi  to  the  condition  WiqiTi^  along  the 
isothermal,  is  from  Equation  XYL 

C,  =  2.3026  ^JJ7\  log  ^. 

tf  1 
In  like  manner 

^,  =  2-3026  ^5  r,  log  ^. 

and 

0,  =  2.3026  Ji?r,  log  ^. 

We  have  therefore 

Q. :  g. :  0.=  ^.log^  :  r.log^  :  ^,log-&-. 


fSL 
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Fiom  Equations  (a)  and  (c)  we  have 

^--  ft.    or    A  =  ;ftL. 
Pi       ?i  ft       2i  * 

In  like  manner  from  (&}  and  (cQ, 

?i       ft  * 
We  have  then  generally 

j>i  _,  JH  _  Pi 

ft  ft  ?8 ' 

Henoe  in  the  above  proportion  the  logarithms  of  the  qnotients 

—  >  —  >  —  ar©  eqnal,  and  we  obtain 
ft       ft      ft  ^ 

Oi  :  0, :  O3  =  2\  :  T. :  r„ 

which  was  to  be  proved. 

If  therefore  toe  wish  to  change  the  condition  of  air^  as  determined 
hy  a  certain  point  on  an  adiabatic  curvCj  into  anoiher  condition  which 
Ues  on  amather  adiabatic  curve^  hy  the  addition  of  heaJt^  under  conr 
Btani  temperaiuref  the  quantity  of  heat  which  must  be  imparted  is 
proportioned  to  the  temperature. 

We  can  also  prove,  as  we  shall  hereafter,  that  this  principle 
holds  good  when  the  curves  TiTi^  T^T^^  TzT^  are  not  iso- 
thermals,  but  simply  curves  of  the  same  kind,  that  is,  which 
follow  the  same  law  of  change  of  pressure  and  volume,  what- 
ever  that  law  may  he. 

From  the  proportion 
we  obtain 

'rrT  =  "m*  —  ~m  f  ^^    ....      (XX V.) 

Equationa  for  the  Expansion  of  Air  under  constant  Pressure. — 
Let  us  now  consider  the  case  in  which  the  specific  air-volume 
expands  under  constant  pressurcy  while  it  is  heated.  The  heat 
imparted  serves  here,  1,  to  increase  the  vibration  work^  and 
%  to  perform  outer  toork. 

In  the  beginning,  let  us  have  the  volume  Vi  at  the  tempera- 
IS 
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tnre  U  and  pressure  pi.    After  expansion,  let  the  Tolome  be  v^ 
and  the  temperature  t    Then  the  increase  of  vibration  work  is 

Let  now  Ovx  =  ih  =  the  initial  yolume,  Fig.  17,  and  Ov  = 
v  =  the  final  volume,  then  the  outer  work  performed  (£,)  will 
be  represented  by  the  rectangle  ViABv^  or  by  the  difference  of 
the  products  * 

since  the  pressure  is  constant,  and  hence  J9  =Pf 
We  have,  therefore, 

A=l>(«-^i)=i>i(tJ-t>i)  .    •     (XXVI) 
or  since 

pD  ^p{rh=:B{T-  71)  =  i?(«  -  0, 

Li  =  B{t'-ti).f.   .   .   .    (xxvn.) 

By  means  of  these  two  equations,  we  can  calculate  the  in- 
crease of  the  inner  work  and  the  outer  work  performed. 

As  in  general  the  ratio  be- 
tween the  initial  and  final  tem- 
peratures is  given,  we  can  easi- 
ly determine  the  temperature  t 
at  the  end  of  expansion.  Thus, 
as  we  have  already  shown, 

273 +  «      273+^' 
or 

^jPi_273+<t 

vp       273  +  < ' 

and  since,  in  the  present  case,  p=pu'^^  have 

V      273 +  < 
t>i  ""  273  +  <i  • 

For  Fahrenheit  degrees  put  459.4  in  place  of  278. 
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Suppose  in  a  cylinder  one  tinit  of  weight  of  air  at  a  temperature  ^=  80*. 
What  temperature  will  it  poaseas  when,  being  heated,  it  expands  under  constant 

*  Any  earre  or  line,  like  ABt  which  represents  the  states  of  a  body  when  the  pressuv 
lonains  constant,  Is  sometlmcf  called  an  "  isopUstie  line  "  or  curve,  that  is,  a  line  or  cure  of  equal 
imssore.  Snch  a  line  is  also  sometimes  called  an  **  isobar.'**  In  like  manner,  a  line  which 
represents  the  states  of  a  body,  when  the  volunu  is  constant,  is  sometifflea  called  an  **  jtomdric 
Una,**  or  line  of  eqnal  volnme. 

t  If  then  an  C7  kUograms,  we  haye  £  =  6'i7<t  -  <i). 
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pnarare  nntil  it  is  Ids  of  its  original  volame?  What  outer  work  will  it  perlorm? 
and  what  is  tho  increase  of  its  inner  work? 

«  =  f«i,  wehaye 


<=  404 -878,    or    t  =  UV. 
For  ^1 1=  86*  Fah.  we  hare 

f  X  645.4  =  409.4  -^  t,    or    <  =  267.8"  Fak. 
The  increase  of  inner  work  U 

U=:  ^  (181  -  80)  =  71.481  X  101  =  7814.68  meter.kil.  for  each  kikgiam, 

or  180.0688  x  181.8  =  28644  ft  lbs.  for  each  pound, 

and  the  outer  work  performed  is 
X  =  jS(181  -  80)  =  29.272  x  101  =  2956.47  meter-kilograms  for  each  kilogram, 

or  58.864  x  181.8  =  9699  ft.  lbs.  for  each  pound. 

The  amount  of  heat  consumed  in  each  work  may  be  easily  found.  We  know 
that  the  specific  yolume,  when  heated  under  constant  pressure,  requires  0.28761 
heat  units,  or  1.41  times  as  much  as  when  the  air  is  heated  under  constant  toI- 
ume.  Since  we  denote  the  specific  heat  for  constant  volume  by  e,  that  for  con* 
stant  pressure  is  1.41e  for  air,  o^,  in  general,  ke. 

If,  therefore,  we  heat  one  kilogram  of  air  <  —  <i  degrees  under  constant  press- 
ure, we  have 

Q^keit-'ti) 

heat  units  necessary  to  be  imparted* 
In  the  present  case,  then, 

Q  :r  0.28761  (131  -  80)  =  28.9886  heat  units  for  each  kilognm, 

or  0.28761  (267.8  —  86)  =  48. 18  heat  units  for  each  pound. 

The  preceding  enables  ns  to  find  an  expression  for  the  meohan- 
ieal  eqniyalent  of  heat  in  a  more  general  method  than  before. 

The  qnantily  of  heat  Q,  in  the  last  expression,  is  eqniyalent 
to  the  work  AL,  hence 

AL^kc{t-t^    or    Z  =  ^(^-<i). 

But  we  must  have  this  work  L  equal  to  the  vibration  work 
plus  the  outer  work,  or 

L=  U-hLi,    or 

11  we  divide  through  by  ^  —  <|,  we  have 

1  _       B 

A  ~  c{k-l) 
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Inserting  nmnerical  valaes  as  determined  for  air,*  we  have 

1  29.272  29.272      .-„o       .     ,., 

Z  =  6T6847ir0S  =  00607  = -^^-^  "'"*"'-'^**8'*^ 
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What  do  jon  understand  by  an  iaothermal  canw  or  line  f  What  la  the  law  of  thJa  eorref 
What  kind  of  a  carve  then  la  it  ?  What  do  yon  mean  by  "  permanent"  gas  f  Are  there  any 
anch  f  What  ie  the  graphical  representation  of  Mariotte's  hiw  7  Find  the  ezpreasion  for  the 
mechanical  work  of  gas  expanding  according  to  this  law.  Find  the  ezpreesion  for  the  amonnt 
of  heat  Imparted. 

What  do  yon  understand  by  an  isodynamlc  cnrre  or  line  f  When  Is  this  carve  the  same  u 
the  Isothermal,  and  for  what  kind  of  bodies  f  What  is  an  iseneigic  corve  f  What  does  "  isen- 
eigic  *'  mean  r   What  do  yon  anderatand  by  energy  f 

What  is  an  adiabatlc  carve  7  Isentropic  carve  f  What  does  "Isentropic"  mean  7  Dellne 
**  entropy/*  What  does  '*  adiabatic  *'  mean  7  What  Is  the  law  of  the  adiabatlc  carve  7  Deduce 
It.  Why  has  it  been  called  the  exponential  law  of  Haiiotle  7  In  what  respect  la  the  term 
appropriate?  Which  curve,  the  adiabatic  or  the  isothermal,  approaches  the  axis  of  X  most 
rapidly  7  Why  7  Deduce  from  the  general  law  a  relation  between  volame  and  temperaturei 
Between  pressure  and  temperature. 

Show  how  to  determine  the  outer  work  performed  by  air  expanding  adiabatlcally.  To  what 
is  the  outer  work  solely  proportioual  in  this  case  7  Why  might  this  have  been  at  once  con- 
cluded 7  Deduce  the  expression  for  the  heat  units  converted  into  work.  Dlscass  In  similar 
manner  the  case  of  air  when  compressed  adiabatlcally. 

When  a  gas,  as  air,  is  made  to  pass  according  to  any  given  law,  from  one  adiabatic  carve  to 
another,  what  is  the  relation  between  the  heat  imparted  and  the  temperature  7  Prove  this 
relation. 

What  is  an  isoplostlc  line  7  What  does  "  isopiestic  "  mean  7  When  air  expands  under  con- 
stant pressure  what  effects  does  the  heat  imparted  produce  ?  What  Is  the  expression  for  the 
Increase  of  vibration  work  7  What  Is  the  expression  for  the  outer  work  performed  7  What  is 
the  relation  between  volume  and  temperature  7  • 

If  one  kilogram  of  air  has  a  temperature  of  80*  C,  what  will  be  its  temperature  when  it  is 
heated  and  made  to  expand  under  constant  pressure  until  it  is  twice  Its  original  volume  7  What 
outer  work  will  it  perform  7  What  is  its  increase  of  inner  work  7  What  amount  of  heat  ia  im- 
parted 7    Prove  that  1  =       ^ 
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What  work  is  performed  by  10  pounds  of  air  at  3  cubic  feet  v#ame  and  5  atmospheres  press- 
nre,  when  it  expands  to  7  cubic  feet,  overcoming  an  outer  pressure  equal  at  any  moment  to  the 
tension,  the  temperature  being  kept  constant  7 

What  is  this  constant  temperature  7  What  la  the  final  pressora  7  How  much  heat  must 
have  been  imparted  m  order  to  keep  the  temperature  constant  7 

If  one  kilogram  of  air  is  heated,  under  the  pressure  of  the  atmosphere,  fh>m  0*  to  1*  C,  how 
mnch  work  does  it  perform  during  expansion  7 

If  one  pound  of  air  is  heated,  in  same  manner,  from  33*  to  88*  Fahr.,  what  woric  is  performed! 
If  heated  from  0*  to  1*  C,  what  work  is  performed  7 

What  is  the  weight  of  one  cubic  foot  of  air  at  atmospheric  pressure  and  82*  F.  7  What  is 
weight  of  one  cubic  meter  of  air  at  same  pressure  and  0*  C.  7 

If  two  pounds  of  air  at  a  temperature  of  40*  Fahr.  expand  adiabatlcally,  performing  work, 
till  the  volume  is  doubled,  what  is  the  Unal  temperature  7 

What  is  the  original  volame  7  What  is  final  pressure,  If  the  initial  pzessue  la  one  atmos- 
phere 7   What  IS  the  work  performed  7 

*  Pagel4& 


CHAPTER  VL 

TBB  SiMPLK  BETEBSIBLB   OTOLE    FB0CES8.* — ^QXTTflTBATtON   OF  THE 
PBOCEB8  BT  AHALOOOUS  PBINOIPLES  OF  MBOHAinc& 

Suppose  in  the  cylinder  CC,  Fig.  18,  one  unit  in  weight  of  air 
of  the  Tolnme  Vj,  tension  ^i  and  absolate  temperatnre  T,. 

Let    this   Tolome  ex- 
U  pand,    performing  work 

T  iIt  (the  onter  pressure  be- 

ing always  eqoal  to  the 
tension,  or  differing  only 
by  an  infinitely  small 
amount),  until  it  hae  the 
Tolnme  Of*  =  v„  and  the 
tension  pf  Let  ns  aUo 
assume  that  the  temper^ 
atare  Tt  remains  the 
Bame,sothatheat  must  be 
imparted  from  without 
The  expansion  therefore 
takes  place  along  the  iso- 
thermal line  TiTt.  and 
the  heat  imparted  is  Qi. 
The  area  v^TiTiVt  rep- 
resents the  work  per- 
formed by  the  air  during 
expansion. 

Nov  let  the  air  still  expand  from  the  volame  Ov,  =  v,  to 
Ovt  =  Dj,  still  performing  work,  but  without  receiving  or  part- 

•(Acjclel*tcrm«d*'iAi(H("lftb«>iodraKer  iniTMrin  of  ctaugM  ntnrni  to  lla  orlgtud 
condltlcm,  MherwiM  It  la  called  "opal."  A  dowd  cycle  >■  Urmnl  "ttmpU"  If  Ita  Iniiiidiai 
CTTveonoronlr  twolTpai.  irorBiarelhtn  two  ln>«-K  ItctlledconipoDiid.  AelowdcTcl* 
pnicaiia"nT(nMlt"wbRitbecluiigaotilit*aracoatlnDaai.   In  web  ■  cjrclaall  llw  chutM 
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ing  with  heat,  that  is,  let  it  expand  adiabaticallj*  The  ex- 
pansion then  follows  the  adiabatio  carve  TiT^  and  the  area 
TiT^v^v^  represents  the  onter  work  performed.  Since  this 
work  must  be  at  the  expense  of  the  vibration  work  or  tempera- 
tore,  this  latter  must  decrease,  and  T^  falls  to  T^ 

The  work  thus  far  performed  is  therefore  given  by  the  area 
TxTxTiV^ViT^  and  the  amount  of  heat  imparted  is  Qi  heat 
units. 

Let  now  the  air,  whose  volume  is  Ov^  =  Vz  and  temperature 
Tt,  be  compressed,  the  temperature  T^  being  kept  the  same,  until 
its  volume  is  OV4,  =  ^4.  During  this  process  a  certain  amount 
of  heat  Qs  must  be  abstracted  in  order  that  the  temperature 
may  remain  the  same.  The  compression  follows  then  the 
isothermal  line  7f7\,  and  the  mechanical  work  necessary  for 
compression  is  represented  by  the  area  T^v^v^Tf^ 

The  volume  Ov^  =  v^  may  be  so  chosen  that  when  the  air  is 
finally  compressed  adiabatically  to  the  volume  v^  the  air  shall 
be  again  in  its  initial  condition.  In  this  case,  the  work  per- 
formed upon  the  air  is  given  by  the  area  v^T^TiVi^  the  tem- 
perature rises  from  T^  to  2i,  and  the  expansive  force  rises  from 
^  to  Pi  again. 

A  process  of  this  kind  is  called  by  Olausius  a  **  simple  reversir 
Ne  cyde  proceas.^^  * 

As  remarked,  the  work  done  by  the  air  is  given  by  the  area 
TiTiTio^ViTu  and  that  performed  upon  the  air,  or  used  in 
the  compression,  is  given  by  the  area  T^VtVyTxT^T^  The 
difference  of  these  two  areas,  or  the  area  TiTxTtT^,  which  is 
shaded  in  the  Fig.,  and  is  inclosed  by  the  two  isothermal  and 
adiabatic  curves,  is  the  excess  of  the  work  perfcrmed  by  the  air  over 
ihaJt  performed  upon  it.  • 

Since,  however,  heat  and  mechanical  work  are  equivalent ; 
since  the  generation  of  work  requires  heat,  and  the  generation 
of  heat  requires  work ;  the  heat  Qi  imparted  during  the  change 
from  Ti  to  T^  as  shown  by  the  arrow,  must  be  greater  than 
the  heat  abstracted,  Q*ti  which  is  also  indicated  by  an  arrow. 
In  other  words,  the  difference  of  the  heat,  units  Qi  —  Qb  trans- 
formed into  work,  is  represented  by  the  area  TxTiT%T^ 
Since  the  heat  Qi  —  Q3  is  equivalent  to  the  work 

^ — — 

*  See  preoedlng  note. 


rtfTERMEDIATB  BODY  IN  THE  CYCLE  PE0CE88.      183 

we  Iiave,  if  we  denote  the  area  TiTiT^T^  by  J^, 

'j-{Qi-Qi)=F  .    .    .    .    (xxvm.) 

or 

Qt-Q2  =  AF. 

We  have  thus  far  assumed  that  the  initial  condition  of  the 
air  is  giyen  by  the  quantities  VipiTi^  and  that  this  condition 
passes  gradually  into  the  condition  7i,  p^^  v^y  or  T2,  p^  v^  or, 
what  is  the  same  thing,  that  the  end  of  the  ordinate  pi  traverses 
the  outline  of  the  area  TiTiT^Tz  in  the  direction  TtTtT^T.Ti. 
We  may  have  its  motion,  however,  in  the  opposite  direction. 

In  such  case  we  have  evidently  the  work  of  compression 
greater  than  that  performed  by  the  air  during  the  expansion, 
and  the  difference    of   the    two  is  still  given  by  the  area 

Since,  then,  work  is  performed  upon  the  air,  an  equivalent 
amount  of  heat  is  generated  in  it,  or,  in  other  words,  the  heat 
Qt  abstracted  during  the  change  2\7i  must  be  greater  than  the 
heat  Qt  imparted  during  the  change  T,2V  We  have  therefore 
obtained  heat  instead  of  work. 

Since,  then,  mechanical  work  has  disappeared,  and  heat  been 
obtained,  we  must  have  the  same  equation  as  before,  but  with 
opposite  sign.    Thus 

-  ^  (Ci  -  ft)  =  -  J^  .    •    •    (XXEL> 

or 

-  (Qi  -  ft)  =  -  ^F 

In  &ct,  the  arrows  in  the  Fig.  must  now  have  an  opposite 
direction;  the  lower  should  point  toward  the  curve  TtTtrHiQ 
other  away  from  TtTi. 

The  reason  for  the  change  of  sign  is  also  seen  in  that^  in  the 
present  case,  where  heat  is  generated,  the  end  of  the  ordinate 
pi  goes  around  the  area  i^in  a  direction  opposite  to  that  in  which 
it  went  when  heat  disappeared  and  work  was  given  out  Since 
the  above  process  can  be  performed  in  either  way,  we  call  it  a 
**9inypk  BEVEBSIBLE  cyde  jorocess" 
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the  performance  of  a  cycle,  we  must  haye,  in  addition  to  the 
body  which  goes  through  the  cycle  of  changes,  and  which  we 
may  call  the  ''working  body"  or  the  ^^ iidbermediaie  body"  also 
two  other  bodies,  one  of  which  gives  oat  and  the  other  of  which 
absorbs  heat  In  the  hot-air  engine  the  fire  is  the  source  of 
heat,  the  air  in  the  engine  is  the  inJbermediale  body,  and  the  out- 
side air  is  the  body  which  absorbs  heat,  or  the  r^rigercUor,  In 
the  steam  engine  the  water  is  the  intermediate  body,  the  hot 
gases  of  combustion  the  source,  and  the  cold  condensing  water 
or  the  outside  air  the  refrigerator. 

If  the  absorption  and  rejection  of  heat  by  the  intermediate 
body  takes  place  as  represented  by  the  cycle  diagram,  it  is  evi- 
dent that  the  source  of  heat,  which  we  denote  by  K,  must  pos- 
sess so  much  heat  as  to  replace  each  time  the  loss  of  heat  of 
the  intermediate  body,  and  that  this  latter  body  must  be  able 
to  at  once  receive  each  new  accession. 

In  like  manner  the  refrigerator,  which  we  denote  by  jSTj,  must 
be  able  at  every  moment  to  absorb  the  heat  excess  from  the  in- 
termediate body. 

In  practice  these  conditions  are  seldom  perfectly  fulfilled, 
and  hence  we  generally  find  the  calculated  work  varies  more  or 
less  from  that  obtained  by  direct  observation. 

Now  that  we  have  introduced  the  bodies  K  and  f  i,  let  us  con- 
sider once  more  our  cycle  process. 

While  the  end  of  the  ordinate  pi  describes  the  circumference 
of  the  shaded  area  in  the  direction  7\  7\  T«,  etc.  The  inter- 
mediate body,  or  in  this  case  the  air,  receives  the  heat  Qi 
while  passing  from  7\  to  7\.  The  source  K  then,  which  imparts 
this  heat  Qu  sinks  in  temperature.  While  the  intermediate  body 
passes  from  Tt  to  T^^  it  gives  up  the  quantity  of  heat  Q«  to  the 
refrigerator  J^i,  and  hence  the  temperature  of  Ki  rises.  But  now 
the  heat  Qi  is  greater  than  Qi  and  the  excess  corresponds  to  the 
work  performed  by  the  intermediate  body.  The  body  K^  there- 
fore, imparts  more  heat  than  the  body  Ki  receives.  The  disap- 
pearing heat  is  transformed  into  work. 

In  a  steam  engine  then,  where  the  steam  is  the  intermediate 
body,  tJie  heat  which  the  steam  possesses  before  per/arming  the  work 
must  he  greater  than  that  which  it  possesses  after ^  and  which  it  im- 
parts to  the  ooTidensing  vxxter  or  to  the  air^  and  the  difference^  trans- 
formed  into  tvork,  adts  upon  the  piston.    The  same  holds  good  for 
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the  hot-air  engine.  The  heat  which  the  hot  air  gives  up  to  the 
outer  air  is  less  than  the  heat  imparted  to  it,  by  an  amonnt 
equivalent  to  the  work  performed. 

Camoty  to  whom  the  cycle  process  is  due,  laid  down  the  fol- 
lowing principle  :  "  When  heat  passes  from  one  body  K,  through 
an  intermediate  body,  to  a  third  Ku  work  is  performed,  but  the 
heat  received  by  Ki  is  eqtud  to  that  lost  by  K.^^  This  last  clause 
contradicts,  as  we  Bee,  the  fundamental  principle  of  thermo- 
dynamics, and  is  incorrect 

If  the  end  of  the  ordinate  pi  passes  round  the  shaded  area  in 
the  direction  Ti  T,  T,,  etc.,  then  along  the  path  T;  T^^  the  heat 
Qt  is  absorbed,  and  the  temperature  of  Ki  sinks.  Along  the 
path  Ti  Ti  the  heat  Qi  is  rejected,  and  this  heat  Qi  is  greater 
than  Qy  by  the  amount  of  heat  equivalerd  to  the  work  performed 
upon  the  intermediate  body.  This  heat  Qi  —  Q«  is  now  given 
up  to  the  body  if,  which  thus  receives  more  heat  than  the  first 
gave  out. 

Tranrformation  cf  Equation  XXVIII. — ^We  can  now  give  to 
the  Equation, 


^{q.-q)-f. 


or 

Q^-Qt  =  AF (1). 

another  form. 

Since  the  curves  Tx  T^  and  7\  T^  are  adiabatic  curves,  and 
Tx  Tx  and  T^  T^  are  isothermal  curves,  we  may,  according  to 
£q.  XXY.,  express  the  ratio  of  the  quantities  of  heat  Qx  and 
^  in  terms  of  the  absolute  temperatures. 

We  have,  according  to  that  Equation, 

Tx"  T^' 
therefore 

If  we  substitute  the  value  of  Qi  in  (1)  we  have 

Q,-9^*  =  AF,    or    9l?l^^*-=AF, 
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--  « 


or 


F  =  ^^{T,-T,) (XXX.) 

If  we  substitute  the  value  of  Qi  in  (1)  we  have 

^-Q,  =  AF,  or  ft^»  -  ft^»  =  AF, 

F  =  ^^{T,-T;i.    .     .     .     (XXXL) 

1 
ornoe  -J  =  424  meter-kuogranui,  we  hare  also 

For  Fahrenheit  degrees  put  772  in  place  of  424 

We  have,  therefore,  the  following  important  principle :  The 
v?ork  performed  by  the  intermediate  body  in  a  simjjle  reversible 
cydeprooess,  or^  when  the  process  is  reversed^  the  tvork  performed 
upon  this  body  is  direcUy  proportioned  to  the  amount  of  heat  dbaorhed 
or  rejededf  and  (dso  to  the  d^erenoe  betu^een  the  highest  and  lowest 
temperatures. 

The  correctness  of  this  principle  is  also  seen  at  once  from  our 
Figure.  The  greater  7\  or  the  less  Tf^  or  the  higher  the  end  of 
the  ordinate  pi  and  the  lower  that  of  |^  so  much  the  greater  is 
the  vertical  depth  of  the  shaded  area^  Also,  the  more  the  gas 
expands  under  constant  temperature  along  the  isothermal  TxTi 
— ^the  more  heat,  therefore,  is  imparted  to  it  in  order  to  main- 
tain its  temperature  constant — ^the  further  apart  are  the  ordi- 
nates  pi  and  p^  and  so  much  the  greater  is  the  length  of  the 
shaded  area. 

The  heat  Q^  absorbed,  or  the  heat  Q^  rejected  by  the  gas  in 
passing  over  the  isothermals  Ti  Tx  or  T%  T^,  may  be  calculated 
from  Equation  XY.,  when  the  initial  and  end  volumes,  Vi  and  v^ 
and  the  initial  and  end  pressures,  pi  and  p^  are  known.  But 
from  Equation  XYL  we  can  determine  Qi  and  Q^  when  we 
know  the  initial  and  end  volumeSi  as  well  as  the  temperatures 
Tx  and  T^ 


*  For  Centigrade  degreee,  T»  fnz  *  t    For  FiOtfeiibtit,  T^  400^  <«•  t 


THE  SIMPLE  CYCLE  PROCESS.  187 


A  lio44dr  engine  is  so  constructed,  that  each  unit  of  air  in  it  makes,  for  each 
doable  stnrice  of  the  engine,  a  complete,  simple,  reversible  cycle  process.  The 
initial  temperatore  Tx  is,  for  the  greatest  oompresaon^^dTS  +  800  =  678*",  the 
lowest  temperature  T%  is  278'  +  0  =  278"._JBaMrtrVork  will  the  air  perform 
iriien  it  expands  from  the  initlal-vohllne  «i  to  }  Vi  under  constant  tempeimtare, 
and  then  expands  adiabsUcaUy  ? 

The  heat  imparted  is,  from  Equation  XVI., 

Qx  =  2.8096  ABTi  log  ^ 

Vx 

^  8.80a6  X  89.878  X  678  x  O.liW  ^  ^^^  ^^  ^^  ^^  ^^  ^^^^^ 

424 

The  mechanical  work  is  therefore,  from  Equation  XXX,, 

-^=  ll:^^^^(57g  _  378) 

OTO 

=  8.48  X  800  =  2529  meter-kilograms  for  each  kilogram. 
If  we  have  Tx  =  459.4  +  572  =  1081.4"  Fah.,  and  Ta  =  459.4  +  82  =  491.4,  we 
^^  ^  ^  2.8026  X  58.854^x  1081.4  x  0.125  ^  ^  ^^  ^^^  ^^  ^^^  ^^  p^^ 

uid      F=z  ^f ^^  J^  (iOei.4  -  491.4)  =  8290  ft.  lbs.  for  each  pound. 

If  we  snbstitate  in  the  formnla 

the  Talne  of  Qi  from  XYL,  we  haTe 

JP=2.3026i?(2\-2;)  log-.    .    (XXXIL) 

The  mechanical  work,  therefore,  increases  with  the  expansion 

ratio  —  and  the  difference  of  the  absolute  temperatures  Ti 

and  Tf. 

Since  Ti-Tt  =  (273  +  <i  -  [273  +  y ),  we  have  also 

-F  =  2.30265(<i-<,)log-.    .    (XXXin.) 

Vi 

where  ^  and  ^  are  the  temperatures  in  centigrade  or  Fahrenheit 
degrees.  We  shall  have  occasion  to  refer  to  these  equations 
in  our  discussion  of  the  engines  of  Ericsson  and  Lehmann. 

Hbutration  of  these  Principles  by  Andlogaua  Mechcmioal  Prindr 
pies.— In  illusteation  of  the  formnla 


^  =  ;^(3fi-^i) 
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or 


F^^ 


2^(^i-^i) 


we  may,  as  has  been  done  by  Zeuner,  make  use  of  the  follow- 
ing mechanical  considerations. 

Let  AAu  BBi,  and  (7Ci  be  three  planes  one  above  another. 
The  distance  between  AAi  and  CCi  is  K  and  between  BBi  and 

Suppose  a  weight  G  placed  upon  BBi,  then  the  uniform 
sinking  of  this  weight  through  the  height  kt  'w^  perform  the 
work 

If,  for  example,  G  is  the  weight  of  a  quantity  of  water  which 

arrives  every  second,  the  fall  of 

C ;?; Cy  this  water  may  put  in  motion  a 

vertical  water-wheel,  and,  for 
uniform  motion  of  the  wheel, 
give  a  mechanical  effect  every 
second  expressed  by 


k 


B 

r 

I 


-A, 


GK 

If  we  denote  this  product  by 
J^a,  we  have 


Fxa.  19. 


jPa  =  Ghi,  or 


<?  =  $ 


(1> 


If  the  same  mass  were  to  sink,  performing  work,  from  the 
plane  CCi,  we  should  obtain  the  work  Gh^,  If  we  denote  this 
by  i^i,  we  have 


JFi  =  GK    or    G=^ 


(2). 


If  we  raise  the  weight  G  from  the  plane  BBi  to  the  plane 
CCi,  the  work  performed  is 

F^  G{hi  -  Aj). 

This  would  also  be  the  work  obtained  if  we  should  allow  O 
to  sink  uniformly  from  the  upper  plane  to  the  lower,  and  then 
raise  it  with  the  same  uniform  velocity  from  the  lowest  plane 
to  the  plane  BBi, 
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If  now,  we  substitute  in  the  last  equation  the  value  of  O  from 
(2)  and  ^3;,  we  have 

or  D 

These  equations  have  precisely  the  same  form  as  those  al- 
ready given,  viz. : 

and 


F=^^iT,-T^. 


There,  the  products  424  Qi  and  424  Qa  represent  the  mechani- 
cal works  corresponding  to  the  quantities  of  heat  Qi  and  Q^, 
just  as  now,  Fi  and  F%  represent  the  mechanical  works  obtained 
by  the  sinking  of  the  weight  G  from  the  heights  hi  and  hjt.  If 
we  allow  the  weight  O  to  fall  freely  through  the  distances  hi 
and  A„  the  products  Ghi  =  Fi  and  6hi  =  -Fa  will  represent  the 
work  potential  in  the  weight  in  the  form  of  living  force.    But 

if  the  products  424Qi  and  424^29  or  what  is  the  same  thing,  ^ 


9» 

A 
tients 


and  ^  represent  mechanical  work,  we  may  consider  the  quo- 

424(?,     424(?a     _     Qt  .      Q, 


or   -?iT    and 


Ti    '       T^  '  ATi AT^ 

weights,  the  so-called  ^*  heat  weighiSy''  of  Prof.  Zeuner.*  Since 
farther,  the  difference  Tj  —  7a  is  equivalent  in  significance  with 
Ai  —  Aa,  we  may  call  the  difference  T^  —  T%  the  "  temperature 

•  rme  '*A«tf  i0wi0slU*'  of  Prof.  Zenner  1b  identical  with  the  ^^thmnodyiMmlicfunictlUm''^  of 
BanUae,  or  ^  nUropnf^^'*  u  defined  by  Claavius.  The  term  **  entropy  "  has  been  need  by  Talt, 
TbomMS,  MAzwell,  and  others,  with  an  entirely  difCereut  signification.  The  term  "  thermo- 
dynamic fimclion  **  ia  perhaps  good  enough  as  a  name  for  a  certain  function  of  the  heat  and 


tcBpentim,  which  occors  so  often  as  to  render  a  special  name  for  it  desirable.  The  term  **l^t 
««igbt,**  not  only  anawera  this  end,  bnt  also  gives  an  analogical  rignlflcance  to  the  term,  whroh 
■  of  real  senrice  in  naing  it.  We  therefore  use  it  ezclnsiTely.  Those  who  prefer  to  call  it "  ther- 
■k  weight"  can  do  to.] 
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We  may  therefore  express  the  principle  of  the  simple  revers- 
ible cycle  process,  as  follows :  The  ivork  performed  by  the  inter' 
mediate  body  in  the  simple  reversible  cyde  process,  is  directly  propor- 

UonoH  to  the  heat  toeights  (-^  and  -jm)  i'mparted  or  given  out, 

as  tcdl  as  to  the  temper aiure  fall  {Ti  —  T^. 


QTJESnONS  FOB  EZAHmiTION. 

What  Is  a  cycle  process r  When  is  snch  a  process  said  to  be  "dosed  f"  What  is  a  sfn^IS 
cycle  process  1  What  is  a  oomi>oand  f  When  is  a  cjdc  process  reyersihle  ?  What  is  a  simple 
reversible  cyde  process  ?  By  how  omch  does  the  heat  imparted  exceed  that  abstracted  ?  Dnw 
the  Figure,  and  show  what  represents  the  worlc  performed.  What  is  the  intermediate  body? 
Qive  examples.  In  a  steam  engine  is  the  heat  of  the  steam  before  performing  work  greater  thsn 
that  after  t  What  becomes  of  the  difference  ?  State  Camot^s  principle.  What  is  incorrect  In 
this  statement,  and  why  f  Deduce  an  expression  for  the  work  in  a  simple  reversible  cyde  pro- 
cess  in  terms  of  the  heat  absorbed  or  rejected,  and  the  highest  and  lowest  temperatures. 

Illustrate  these  principles  by  analogous  principles  of  mechanics.  What  is  the  heat  weight! 
Why  is  it  so  called  f  What  is  the  temperature  fall  T  How  do  you  express  the  work  In  the  simple 
reversible  cycle  process  in  terms  of  the  heat  weight  and  temperature  fall  V  What  do  you  under- 
stand by  thermodynamic  function  ?  What  other  term  has  been  given  to  this  quantity  f  YThy  ii 
it  not  appropriate  ? 


CHAPTER  TIL 
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GENSBAL  LAW  OF  THE    BEIATION  BETWEEK   PBESSUBB  AMD  YOLUXE 
OF  A  GAS — ORAPHIOAL  BEPBESENTATION  OF  THE  INNER  WOBE. 

Beview  of  the  preceding  Principles. — ^We  have  thus  for  oon- 
ddered  the  following  cases  of  the     -ir 
change  of  pressure  and  volume  of 
a  gasy  espedally  of  air. 

1.  The  volume  is  constant^  and 
hence  the  expansive  force  in- 
creases with  the  temperature. 

If  Ot7  is  the  specific  volume  at 
0**  and  p  the  pressure,  then  the 
pressure  at  273''  is  2p,  etc.    The   ^ 
line  vA^  which  gives  the  relation 
between  pressure  and  volume,  is  parallel  to  the  axis  of  ordi- 
nates  OZ* 

If  we  denote  the  inner  work  at  the  temperature  Ti  by  Uu  we 
have 

Ut  =  ^T^c, 

where  c  is  the  specific  heat  for  constant  volume. 
If  Z7'  is  the  inner  work  for  the  temperature  T,  we  have 

henoe  the  ohange  of  inner  vork  is 


[Snch  a  Um  maj  bo  caOed  an  ^'iaoiiMfricMfM,"  or  Una  of  equal  Tolnma.] 
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Or,  since  T=  273  +  t  and  71  ^  273  +  ^ 
If  Q  is  the  heat  imparted  during  this  change. 


or 

According  to  the  combined  law  of  Mariotte  and  Gaj-Lussao, 
we  haye 

pv^BT,    and   piPi^  BTi\ 

hence 

pv  _T ^ 


PiVx      Tx ' 

or,  since  Vx  =  v. 

•P  -T . 

aad  hence 

P 

T          273  + « 

2.  The  expansive  force  is  constant^  or  the  expansion  takes  place 
nnder  constant  pressure. 

If  Ovi  Fig.  21  is  the  specific 
volume  for  the  temperature  ^ 
and  pressure  pi^  and  Ov  the 
Yolume  for  the  same  pressure 
p  and  the  temperature  ty  then 
the  change  of  inner  work  is 

^    and  the  line  AB  parallel  to  the 
axis  of  abscissas  gives  the  re- 


Fio.  21. 


lation  between  volume  and  pressure.  "^ 


*  [Such  a  line  may  be  called  an  "  iiopiuiic  ftna/*  or  line  of  equal  preasiue-] 
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The  oater  work  performed,  which  is  represented  bj  the 
rectangle  ViABv,  has  the  value 

or  Li  =  R{t- 1,). 

Sinoe  here  both  onter  and  ioner  work  is  performed,  we  have 
the  eqnation 

or  X  =  -|(*-*0  +  -B(<-«=Q +■«)('-«. 

IThe  heat  imparted  is 

Q  =  kc{t-t,), 
where  kc  is  the  speoifio  heat  by  constant  pressnre. 
Further,  we  hare 

PiVi  =  BTt 

pv=BT,    hence,    ^  =  ||. 

or8ince^=j:^ 

v__T_  273  + 1. 
v.~T,~273  +*,' 

3.  77ie  air  eafpamda  vnder  omriamt  tanperaiure,  aocording  (0 
Hariotte's  law : 

pp  =piVi  -piVt=ptVt,  etc. 

In  this  case  the  end  of  the  ordi- 
nate p,  which  gives  the  presBure 
for  the  volame  v  and  temperature 
t,  describes  the  isothermal,  or,  in 
the  case  of  a  gas,  the  isodynamio 
cnrre*  AB,  and  the  area  of  the 
space  ViABv,  gives  the  cater  work 
performed. 

This  we  have  f oand  to  be 

i  =  2.3026  ».j>.  log  ^,  '  ,  ,  - 

*•'  X  =  2.3026  «,p,  log  ^. 

•  [8caiUliiieiul>edttie"l(aMTVte«lirw."] 
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The  qaantify  of  heat  imparted  is 

g  =  2.3026  ^fl,^,  log-, 


0  =  2.3026  Aep  log  ^. 
We  have  aUo  f  oond 


Q  =  2.8026  AMTi  log  - ,  eta. 


While,  therefore,  in  (1)  and  (2)  the  heat  Q  imparted  may  he 
found  diieotl;  from  the  initial  and  final  temperatures,  or,  ae 
we  say,  is  a  fonction  of  ^  and  t,  here  it  is  determined  hy  three 
qoaotities,  ins.,  the  temperatore  T^imd  the  initial  and  end  Tol- 
nmes,  or  by  T  and  the  initial  and  end  pressures.       ^ 

4  The  air  expaiuls,  performing  uxyrJe,  at  the  expeiue  of  ii»  otm 
Aeof,  aooording  to  the  law 

Pt!^"  ='P<*>\^  = ,  etc, 


P 

The  end  of  the  ordinate  p^  Fig. 
23,  which  givea  the  initial  pressure 
for  the  specific  Tolame  Vi  and  the 
temperature  'i,  describes  during  ex- 
pansion the  abiabstic  curve*  AB, 
which  approaches  the  axis  of  ab- 
sciasas  OX  more  quickly  than  the 
isothermaL 

Farther  we  have  found 


273  +t, 
278  +  i  ' 


273 +  <, 

' 273  +  r 
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The  inner  work  which  disappears  is 

where  ^  is  the  initial  and  t  the  final  temperature.    Since  this 
is  equal  to  the  outer  work  performed,  we  hare  also 

and  this  work  (or  the  disappearing  inner  work)^  is  represented 
by  the  area  VtABv. 
For  Q  we  haye 

Finally,  we  have  also  found 


or 

c 


L  = 


AR 


-^iH^n 


Since  we  have  found  -j-^  =  FITT »  ^®  ^*^®  ^^^ 


^=^^[i_(M-]. 


Oenerdl  Law  as  to  (he  BdcUion  between  Vduim  and  Pressure. — ^In 
yiew  of  what  has  preceded,  it  will  now  be  easy  to  include  all 
these  special  cases  under  one  general  law. 

In  case  (4)  when  the  air  expanded  from  the  volume  v^  to  1;, 
there  was  no  heat  imparted,  the  pressure  diminished  rapidly 
as  the  volume  increased,  and  the  relation  between  pressure  and 
volume  was  given  by  the  equation 

PtVi^=p%v%* (I)- 

or,  in  the  case  of  air, 

In  the  following  Fig.  let  the  curve  ac  represent  the  law  of 
change  of  pressure  and  volume  for  this  case. 
In  case  (3)  as  the  volume  increased  the  decrease  of  pressure 
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was  less  than  in  case  (4).    The  law  of  change  was  given  by  the 
equation 

JPi^i  =i^jt>8,  etc. 

This  equation  is  at  once  obtained  if  we  insert  I  =  1  in  the 
first  equation  above.  Let  the  curve  db^  the  isothermal  curve^ 
represent  in  this  case  the  law  of  relation  between  the  pressure 
and  volume. 


p^  r^*'ff/'*v)i^''pr>i* 


Oomprtuion 


Generated 


Meat 


In  case  (2)  the  pressure  was  constant  as  the  volume  in- 
creased, and  we  had 

and  this  obtained  from  (1)  by  making  A:  =  0.    The  line  od  or  at 
gives  the  law  for  this  case. 

In  the  first  case,  the  volume  remained  constant  while  the 
pressure  changed,  and  we  had 

«  =  ^  =  ^ 

This  is  obtained  from  Eq.  (1)  by  putting  0  for  the  exponent  of 
f  and  making  A;  =  1.    The  line  af  gives  the  law  for  this  case. 

We  see,  therefore,  that  the  laws  connecting  pressure  and 
volume  are  given  by  the  exponents  of  the  factors  v  and  j[),  and 
for  different  exponents  we  may  thus  have  a  number  of  laws  and 
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cnrreSy  all  of  wMch  are  based  upon  the  same  general  law. 
If»  then,  —  is  any  number,  whole  or  fraotionaly  positive  or  nega- 

9ft  9k.  4ft 

tive,wehave,  p t^ = p^Th^ z=z p^ti^.    .    .     (XXXIV.) 

or  p"^  v'*  =  p{^  Vi"  =  p^"^  VfT 

18  the  general  law  bettveen  pressure  and  volume. 

Thus,  if  we  have  w  =  1  and  w  =  1,  we  have  the  law  of  the 
isothermal  curve  ab.  If  m  =  1  and  n  =  L41,  we  have  the  adia- 
batic  curve  ac  If  m  =  1  and  n  >  1.41,  we  have  a  curve  which 
approaches  the  axis  of  abscissas  more  rapidly  than  the  adia- 
batic.  Such  a  curve  is  oZ.  If  m  =  1  and  9i  <  1  but  greater 
than  0,  the  corresponding  curve  will  lie  between  ab  and  ad. 
If  n  has  a  negative  value,  if,  for  example,  m  =  1  and  n  =  —  2, 
the  corresponding  curve  lies  between  ad  and  af.  Such  a  curve 
is  represented  by  ae. 

All  these  curves  are  convex  to  the  axis  of  abscissas,  but  we 
may  have  curves  which  are  concave  also,  as  oo  or  ax. 

We  assume,  in  perfect  accordance  with  the  preceding,  that 
curves  to  the  right  of  the  line  Ba/^  parallel  to  the  axis  of  ordi- 
nates,  apply  to  expansion.  In  such  case,  work  is  performed 
and  heat  is  absorbed,  as  indicated  on  the  Figure.  This  heat 
may  be  at  the  expense  of  the  heat  in  the  gas  itself,  or  it  may  be 
imparted  from  without  For  all  curves  between  ac  and  af^  on 
the  right,  heat  is  imparted  during  the  expansion.  On  the  other 
hand,  for  all  below  ac  heat  is  abstracted.  The  curves  left  of 
Baf  apply  to  compression.  In  such  cases  work  is  performed 
in  compressing  the  gas,  or  work  is  absorbed  by  the  inter- 
mediate body,  and  heat  is  generated.  In  the  Figure  a%  is  an 
isothermal  and  ag  an  adiabatic  line.  The  sign  +  indicates 
work  performed  by  the  body,  the  sign  minus  indicates  work 
absorbed,  or  performed  upon  the  body. 

The  above  considerations  find  a  very  interesting  application 
in  the  discussion  of  gas  engines. 

The  question  arises,  what  is  the  general  expression  which 
gives  the  general  law  for  the  temperature  when  the  relation 
between  pressure  and  volume  for  expansion  or  compression 
are  known?  and  how  can  we  determine  the  work  done  during 
expansion  by  the  intermediate  body,  or  absorbed  by  it  during 
compression? 
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We  can  put     P\^^  = =-piVi7)i^ 


and  ^^wss:^:^ =zpm>^     , 

hence  i>it?A"*     =inn)'»*    . 

Since,  however,  p^Vx  =  RTi  BxApv  =  -BT',  we  have 


i-i      ^^ii-i 


521t)i«»     =BTt)^     , 


that  is, 


2L_i  n— m 


or 


•  — m 


7    "  t: 


EXAMPLE. 

The  specific  volame  of  air  i;,  =  1  has  the  temperature  /|  =  80*",  and  ex- 
pands pe^orming  work  up  to  the  volume  v=.2v^.  What  will  be  the  final  tem- 
perature when  the  law  of  expansion  is^iV,  -  '  =jpt;-«  ? 

We  have 

l±4l  =  ^±«2.   and    r-l)""'=(-^)-=S-. 
a  +  <      278  +  /  \vj  \vj 

henoe 

g^-^  =  l  and  378 +  <  =  308x  8  =  2424,  or 

t  =  2424  -  278  =  21SV. 

[For  the  same  ratio  of  expansion  and  ti  =  86**  Fah.,  we  have  t  =  8908.8"  Fah.] 
If,  on  the  other  hand,  the  law  of  expansion  had  been 

we  should  have  had 

a  +  <,  _  /v;\  808    _ 

a  +  <   "  Ui/     **'     278  +  <  "  ^ 
henoe  2<  =  —  546  +  808  =  —  248,    or 

i  =  - 121.5*. 
[For  the  same  ratio  of  expansion  and  ti  =  86°  Fah.,  we  have  ^  =  — 186.7**  Fah.] 

The  curve  which  gives  for  this  case  the  relation  between  volume  and  pressure 
approaches  the  axis  of  absdssas  more  rapidly  than  the  adiabatic,  because  the 
exponent  2  is  greater  than  1.41,  and  as  already  explained,  we  must  therefore 
abstract  from  the  intermediate  body  a  certain  amount  of  heat  (See  the  line  al 
in  the  Fig.) 

Si 
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H  in  the  formula  already  found  in  the  case  of  the  adiabatio 
onrvey 


'-u^M^-(:i)"'i 


we  put  i  =  — ,  we  have 


and  this  is  the  general  expression  for  the  outer  work,  when 
the  relation  between  the  yolnme  and  tension  is  given  by  the 
general  formula. 

PiVi^=^pv^f    or   pi*Vi^=p^v^. 
Sinoe  now  ( -M  "*  =  m  »  andjpiDi  =  52^,  we  have  also 


n  — m 
AIbo,  sinoe      . 

c(t-l) 
B---J-, 


^^_m_  cje-l)  ,        J         (XXXYIL) 
The  change  of  inner  work  ia  as  always, 

It  QiB  the  amount  of  heat  equivalent  to  these  two  works, 
we  have 

A 

or  

e  =  ^(Z7- CrO+^Z,    .    (XXXYDDL) 


and  by  inserting  the  values  above. 


m 


C  =  c(<-<.)  +  -^c(*-l)(4-0. 


n  —  7n 
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This  may  be  written 

(2  =  c(f5-^  +  ^-^c(A:-l)(^-Q 


=  ^(^-^)[l-^(*-l)] 


_mk     n^.^_^. (XXXIX.) 

This  fonnula  shows  thai  the  heat,  Q,  imparted  or  abstracted, 
is  direcUy  proportional  to  the  difference  of  the  tempercUures. 

But  the  amount  of  heat  Q  can  be  calculated  from  the  specific 
heat  and  the  temperature  difference  t^  —  t.  This  specific  heat 
iSy  however,  unknown  in  the  present  case.  It  is  evident  that  it 
must  be  different  from  that  for  constant  pressure  or  for  con- 
stant volume.    Let  us  denote  it  by  8.    Then 

Q  =  s(t--tO (XL.) 

If»  now,  we  put  these  two  values  of  Q  equal,  we  can  easily 
find  8,    Thus  we  have 

or 

8  = c    .....    (XLL) 

IS,  for  example,  the  law  of  change  of  pressure  with  volume 
is 

we  have  m  =  1  and  n  =  —  2,  and  hence  the  sx>ecific  heat  for 
this  law  of  expansion  is 

*  =  ^i|c,    or  for  air    ?^  x  0.16847  =  0.1915, 

that  is,  this  is  the  quantity  of  heat  in  heat  unite  which  must 
be  imparted  to  1  unit  of  weight  of  air  when  expanding  accord- 
ing to  the  assumed  law,  in  order  to  raise  its  temperature  l"*. 
The  curve  abc,  Fig.  25,  represents  the  law  in  the  present  case. 


»t^     ■ — X 
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and  tlie  shaded  area  acde  represents  the  onter  work  performed 
by  the  gas  daring  expansion,  when  the  Bpeci£o  Tolome  increases 
from  Vx  to  \vi.  We  see  that  the 
onrre  departs  rapidlj  from  the  axis  T 
of  Z  as  Uie  Tolnme  increases.  It  is, 
erideat,  also,  that  the  outer  press- 
ore  gradually  increases  from  |),  to 
;^  as  ire  always  asanme  the  outer 
pressors  at  any  moment  as  less  than 
the  inner  pressure  at  that  moment 
by  an  infinitely  small  amount. 

Oraphiodl  SepresenttUion  (^  the 
Inner  Work. — We  can  now  repre- 
sent the  increase  or  dimlnotion  of 

the  timer  work  in  a  manner  similar  to  that  which  has  been 
employed  for  the  onter. 

Let  the  specific  volume  have  the  pressure  pi  and  the  toI- 
ome  Vi,  and  let  the  inner  work  be  Uf  Then  let  the  air  ex- 
pand while  beat  is  imparted  to  it,  so  that  the  inner  work  Ui 
remains  constant  The  expansion  takes  place  along  the  iso- 
thermal line  age.  When,  then,  the  air  baa  expanded  to  the 
condltioD  pv,  the  inner  work 
is  still  therefore  Uj. 

If  we  aaanme,  again,  heat  im- 
parted BO  that  the  volume  Vi 
and  pressnre  p,  become  T^  and 
2?t>  the  change  taking  place  ac- 
cording to  any  law  or  curve,  as 
acb,  then  the  outer  work  per- 
formed is  ■Diobvt.  The  inner 
work  at  VtPtia  then  no  longer 
.  Uf    Suppose  it  is  Vf    Let  ns 

denote  the  heat  required  for 
"■"■  this   change  by  ft,  then  we 


have 

ft 

A 

where  Xi  is  the  outer  work  performed. 


■j=F,-  Ui+Lu 
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Let  us  now  assume  that  the  air  expands  at  the  expense  of  its 
heat,  until  its  Tolume  is  v  and  presaoie^  The  expansion  fol- 
lovB  then  the  adiabatic  carve  bfe,  and  the  area  J^evv^  gives  the 
outer  work,  or  what  is  the  same  thing,  the  disappearing  inner 
work.  Since  now  the  point  e  of  the  adiabatic  cnrve  falls  apon 
the  isothermal,  the  air  has  at  this  point  the  same  temperatnre 
as  at  anj  point  of  age.  The  inner  work  is  therefore  Uy  While, 
then,  the  air  passes  from  the  condition  v,p,  to  the  condition  vp, 
the  inner  work  changes  from  U^  to  U^,  or  the  inner  work  which 
disappears  iaUt  —  Ui.  Just  the  same  inner  work  has  been  im- 
parted  on  the  way  from  v^pi  to  v^pf  Henoe  the  increase  of  the 
inner  work  ^  —  f^,  is  given  by  the  area  hfewt. 

While  then  the  area  Vio&v,,  shaded  vertically  in  the  Figore, 
^ves  the  outer  work  which  the  air  performs  in  passing  &om 
ViPi  to  v^pt  the  area  vjtgev,  shaded  horizontally  in  the  Figure, 
gives  the  increase  of  inner  work. 

If,  therefore,  the  specific  air  volume  in  the  condition  v^pi 
expands  under  the  addition  of  heat,  performing  work  along 
the  cnrve  aui,  until  the  volume  is  Vj  and  the  pressure  pt,  we 
may  find  the  increase  of  inner  work  as  follows  : 

Construct  through  a,  the  isothermal  ctge,  and  the  adiabatio 

hfe  through  b,  and  from  their  intersection  e,  let  fall  the  vertical 

ve.  The  area  v^fev  gives  the  increase  of  inner  work.  The  area 

Vxobev  gives  the  sum  of  the  inner  and  outer  works,  which  is 

equivalent  to  the  heat 

Y  imparted. 

The  increase  of  in- 
ner work  may  also  be 
found  as  follows  :  Pass 
through  b  the  isother- 
mal bgh,  and  throngh 
any  point  g  on  it,  the 
adiabatic  gi,  and  pro- 
duce it  till  it  meets  the 
g  isothermal  throi^h    a 

Pi^  in  t.    Let  fall  the  ver- 

tical K.  Then  it  is 
at  ouce  evident  that  the  area  giU  gives  the  inner  work  im- 
parted. 
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QUESTIONS  FOB  EXAHINAIIOK. 

What  Ifl  an  iflometrlc  line  ?  Illajitrate  for  air.  What  is  the  expression  for  the  change  of 
tamer  work  f  For  the  heat  imparted  ?  What  is  the  outer  work  ?  What  is  the  relation  between 
presrare  and  temperature  ? 

What  is  an  isopiestic  line  ?  niastrate  for  air.  What  is  the  change  of  inner  work  r  What  is 
the  outer  work  t  What  is  the  heat  imparted  ?  What  is  the  relation  between  volume  aud  tem- 
perature f 

Give  Mariotte's  law.  Dlustrate.  What  is  an  isothermal  line  ?  An  isodynamic  J  An  Isen- 
ogicr  What  is  the  outer  work  for  air!  For  any  gasT  The  heat  imparted?  Whitt  is  the 
change  of  inner  work  f 

Qlve  the  adiabatlc  law  for  air.  For  any  gas.  What  is  an  Isentropic  curve  f  Why  may  we 
call  the  adiabatic  law  the  exponential  law  of  Mariotto  t  What  is  the  inner  work  which  disap- 
pcAis  ?  Why  ?  What  is  the  outer  work  r  What  relation  does  this  bear  to  the  inner  work  ? 
Wliy  ?   Give  other  expressions  for  the  outer  work. 

State  the  general  law  between  volume  and  pressure.  Are  all  others  special  cases  of  this 
law  f  What  changes  give  the  adiabatic  t  The  isothermal  ?  The  isopiestic  1  The  isometric  f 
ninatrate  by  a  diagram.  What  is  the  general  law  for  the  relation  between  volume  aud  tem- 
pefature  for  any  perfect  gas  ?    Deduce.    Between  pressure  and  temperature  t    Deduce. 

What  Is  the  general  expression  for  the  outer  work  t  Deduce  it.  Give  it  again  in  terms  of 
temperature.    What  is  the  general  expression  for  the  heat  imparted  ? 

Deduce  a  general  expression  for  the  specific  heat,  whatever  may  be  the  law  of  variation  of 
▼olnme  with  {Mvsenre. 

Give  and  explain  graphical  representations  of  the  inner  work. 

If  10  cubic  meters  of  air  are  heated  under  atmospheric  pressure  from  0^  to  100^  C,  what  is 
the  new  volume  ?  What  is  the  new  density  t  What  is  the  weight  of  each  cubic  meter  of  the 
new  volume  ?    What  is  the  work  of  expansion  ? 

If  heated  ander  constant  volume,  what  is  the  new  pressure  t 

If,  while  the  air  U  heated  snd  expands,  the  temperature  is  kept  constant,  and  the  tension 
at  any  Instant  is  equal  to  the  outer  pressure,  what  will  be  the  pressure  when  the  volume  is  12 
cable  nieters  ?    What  will  be  the  work  performed  t    What  the  heat  imparted  ! 

If  no  heat  is  imparted,  what  will  be  the  pressure  when  the  volume  ia  80  coble  meters  ? 
What  will  be  the  work  performed  f   What  amount  of  heat  will  disappear  f 
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CONVENIENCE  OF  REFERENCE. 


A  =  Ht  of  a  heat  unit  =  thermal  equivalent  of  one  unit  of  work. 

-J  =  424  meter-kilograms  =  mechanical  equivalent  of  one  unit  of  heat. 

a  =  coefficient  of  expansion  =  i\i  for  air  and  perfect  gases. 

e  =  specific  heat,  generally  for  constant  volume  unless  otherwise  spedflecL 

Co  =  specific  heat  for  constant  volume. 

Cp  s=  specific  heat  for  constant  pressure. 

Z>  =  density. 

F  =  outer  work  performed  by  or  absorbed  in  cycle  piooesB. 

O  =  weight  of  a  given  volume  of  gas. 

J  =  disgregation  work  in  a  heated  body. 

A;  =  -^  =  ratio  of  specific  heat  at  constant  pressure  to  that  at  constant  vdame. 

For  air  =  1.41. 
L  =  outer  work  performed  by  expanding  body, 
m,  n,  =  co-efficients  of  pressure  and  volume  in  general  law,  for  variation  of  these 

quantities  in  gases,  viz.,  p"^^  =^i  »»4;i« . 
|)  =  specific  pressure,  t. «.,  pressure  upon  unit  of  surface. 
Q  =  amount  of  heat  measured  in  heat  units. 
R  =  outer  work  performed  by  expansion  of  one  unit  of  weight  of  gas,  when 

heated  under  pressure  of  atmosphere  (760'"'^*  =  10884  kil.  per  sq.  meter) 

from  0'  to  1"C. 

s  =  specific  heat  in  general,  whatever  be  the  law  of  variation  of  preasiire  with 

,  mk  —  n 

volume  = c . 

f»  — n 

T  =  absolute  temperature,  reckoned  from  —  278"*  C,  or  — 459.4''  Fah. 

i  =  temperature  by  centigrade  thermometer. 

XJ  =  inner  work  =  vibration  work  plus  disgregation  work. 

Y  =  volume  of  any  given  body. 

i;  =  specific  volume,  i.  e.,  volume  of  unit  of  weight. 

TT  =  vibration  work  when  any  body  is  heated. 
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FOB 


CONVENIENCE  OF  REFERENCE. 


FimdaiiHmtol  Bgoatians : 

Q-AiW-k-J+L) I.  (page  124.) 

9  =  ^(Cr+Z) n.  (page  124.) 

KHMUwion  of  gaooo    eonatant  pressure  : 

New  Toluine  =  F(l  +  0.00667Q, 

or    F(l  +  aO* m.  (page  140.) 

2>  =  r~^ IV.  (page  140.) 

Weight  of  air : 

^  =  TlSwJ- V.(j«gel41.) 

Constant  TOlome : 

New  pressure  =  |y  (1  +  af) VI.  (page  148.) 

aszj^^ss  0.00667  for  perfect  gases. 

3  =  ^) m  (page  147.) 

1^  for  air  =  20.272,  kilogra.  h  =  1.41. 
Mariotte's  law  :    Vjj^i  =:  v^pt  s=  i;sp„  eto.    •    VIII.  (page  149.) 

Hariotte  and  Gay  Lnisac's  oombined : 

i!-^  =  £jNPt  =  ^ ,  etc    .    n.  (pi««  163.) 

3*1  =  278  +  /,,  ^t  =  278  +  U,  eto. 
j^jtF,  sc  BTi,   p^Vf  =ETtf   PiVt  =  RTu  eto.    .    XII.  (page  168.) 
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iBothcmuil  curvB : 


|w=p,v,=Av„etc 


£  =  2.8Q36|ivlog 


Vi 


V 


IiK)dyDamio  corre : 


Adiabatio  carve : 


=  2.80d6p,ti,log—    .    .    .    Xm.  (page  157.) 
£  =  2.8026iivlog&  ....    XIV.  (page  157.) 


Q  =  2.8Q26iL/n;log— .    .    .    .    XV.  (page  159.) 

^1 


0  =  2.8026  ASr  log — 
=  2.8026-15^1  log  ^.    .    •    XVI.  (page  160.) 

l>,Vi»  =^9©,*  =i>sVa*,  etc.     .    .    XVn.  (page  162.) 


*  =  -^  =  1.41forair. 


.    .    .    ,    .    XVm.  (page  164.) 


ifc-l  =  0.41forair: 


s  0.7008  for  air: 


(t;)       =r=WT7-    •    '    XIX.  (page  164.) 


XX.  (page  165.) 


XXI.  (page  165.) 


ife-1 


=0.2907  for  air: 


J&  =  -^(<, -.0  =  ^(ri-fr)-    .    XXn.  (page  167.) 
C  =  c(^-0 XXni.  (page  168.) 
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Tmnsferenoe  from  one  adiabatio  to  another  : 

^  =  |r  =  |r.eto.    .    .    .    XXV.  (page  177.) 

Ezpansbn  nnder  constant  presBore : 

Zr=p(t;  — t;,)=|)i(f;  — Vj).    .    XXVI.  (page  178.) 

i  =  -B(<-^i)  =  J?(r-ri)  •    XXVII.  (page  178.) 
Grfolepiooen : 

^(«i-«f)  =  ^.    .    .    XXVin.  (page  188.) 

-^(«i-ft)  =  -i^.    .    .    XXIX.  (page  188.) 

F=.^(T,--T,) XXX.  (page  186.) 

l'=2^(2',-T,) XXXI.  (page  186.) 

F=  8.80065(2',  -  r,) log—  .    XXill.  (page  187.) 

l'=2.80d6J2(/|-Qlog—  .    XXXm.  (page  187.) 
Heat  weight: 

GoMnd  law  of  yariation  of  pressure  with  Tolnme : 

|jm«a  =!>,  m^^n  =  pj •»»,»,  etc.   .    XXXTV.  (page  197.) 


(?) 


«  -m 


ST"  =  ^ .    ,    .    .    XXXV.  (page  198.) 


) 


X=    ^    j>ir,  ["l  -  ^±i^^ir^   .    .    XXXVI.  (page  199. 
2;=:-^5— ?i^^(<, -0    ....    XXXVII.  (page  199.) 

fl  —  HI         ^ 


C  =  tf(/-<,)  +  -^!^c(ij-l)(<i-0.    XXXVin. (page  199.) 

^  =  5*11?  «(<_<,) XXXDL  (page  aoo.) 

g=rs(<-<0 XL.  (page  aoo.) 

s  =  ^"^c XLI.  (page  aoo.) 

Ill  —  ft 


DETEEMINATION  OP  THE  DIFFERENTIAL  EQUA- 

TIONS. 


) 


Thb  application  of  the  Calculus  to  our  subject  can  be  briefly  illustrated  here. 
We  hare  from  page  124, 

and  bj  differentiating, 

dQzzAidU-^-dL) (1) 

SinoQ  L  stands  for  the  outer  work,  we  haye  dL=zp  dv,  where  j?  is  the  specific 
pressure  at  any  moment  and  dv  is  the  change  of  Tolume. 

The  inner  work  ZTmust  be  a  function  oip  and  «,  and  hence 

«.      dU       ,    ^     dU    ,, 
Let  us  put  X  =  -J-  and  Z  =  -^  ,  then 

dU-Xdp-{-Zd^ (3) 

Now  MdU  Ss9k  complete  differential,  we  have,  by  the  rules  of  the  Differen- 
tial Calculus,  the  condition 

dX      dZ  ,M. 

■*r=^ <*> 

We  have,  then,  from  (1) 

d(i  =  A[Xdp^{JZ'^p)dv\ (6) 

We  can  simplify  this  expression  by  putting 

Z^p^Y, (6) 

and  hence  dQ=zA{Xdp^TdA}) (7) 

In  this  expression  Xand  Fare  functions  oip  and  v. 

If  we  differentiate  equation  (6)  with  reference  to  jp,  we  have 

dZ  ^^      dY  dY     dZ      .  .g. 

S^^^^lp     ""^     -€^^-3p=^'    .....    (8) 

Now,  since  the  expression  for  dZ7  is  a  complete  differential,  we  must  have 

from  (4), 

dX  _dZ 

Ue  '~~3p* 
and  hence,  from  (8), 
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This  b  the  first  principal  differential  equation,  and  shows  the  conneotion 
between  the  two  unknown  functions  X  and  Y  of  equation  (7).  It  also  shows 
that  the  expression  in  the  parenthesiB  in  equation  (7)  is  not  a  complete  differen- 
tial, lor  if  it  were,  the  difference  of  the  two  differential  coefficients  would  be 
BBTO  instead  of  unity.  We  can  therefore  conclude  that  equation  (7)  is  not 
integrable  unless  another  relation  is  given  between  the  quantities. 

list,  now,  ^  be  a  new  function  of  p  and  v,  whose  form,  like  that  of  X  and 
F,  is  also  at  present  undetermined.  Multiplying  and  dividing  the  right  side  of 
equation  (7)  bj  8^  we  have 

de  =  ^^rjdp  + Jdel (9) 

Kow  we  can  so  choose  iS^  as  to  make  the  expression  in  the  parenthesis  a  com- 
plete differential,  in  other  words,  -^  is  the  integrating  factor. 

The  connection  of  X,  F,  and  8  is  easily  determined.  Thus,  if  the  expres- 
sion in  the  parenthesis  of  (9)  is  a  complete  differential,  we  have 

dvysj-^dpysj' 

or,  performing  the  differentiation, 

jgdX      ^dS       ^dT      ^dS 


or 


^FdT      dZH       „dS       ^d8 
\^dp       avj  dp  dv 


But  from  equation  (A),  the  expression  in  the  parenthesis  on  the  left  is  equal 
to  unity,  hence 

^=^^"■^5© ^^ 

This  is  the  second  principal  differential  equation.  The  first  equation  (A), 
shows  the  relation  between  the  functions  Xand  F,  in  equation  (7).  The  second 
equation  (B),  shows  the  relation  between  X,  F,  and  the  integrating  divisor  S  of 
equation  (7). 

Now  since  this  divisor  i9  is  a  function  of  p  and  v,  we  have 

Eliminating  from  equation  (7),  first  F  and  then  X,  by  means  of  equation 
(BX  and  substituting  dS  for  its  value  as  given  by  (10),  we  have 

dQ=:A[Xdp-^  Ydv] 


dQ=j^[Xd8-^8dv] 


(C) 


U 
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These  three  equations  are  all  identical,  and  in  the  solution  of  farioas 
problems,  one  or  the  other  may  be  used  according  as  one  or  the  other  leads  most 
directly  to  the  desired  result.  The  three  functions  X,  T,  and  S,  are  functions 
of  p  and  Vy  the  relations  between  them  being  given  in  general  by  equations  (A) 
and  (B).  These  quantities  must  be  known  before  we  oan  make  use  of  (C)  in  any 
special  cases. 

If  it  were  known  by  what  relation  the  inner  work  27  and  the  quantities  p  and 
«  are  connected,  then  Xand  Fwotdd  be  at  once  known,  because  we  have 


and 


X  = 


F=i?  + 


dU 
dp  ' 

dU 

dv 


and  the  substitution  of  these  values  in  equation  (B)  would  give  the  value  of  S, 


THE  PBOPEBTIES  OF  THE   FUNCTION  S. 

Since  in  general  U=  F(piv)  is  not  known,  we  must  seek  a  method  of  deter- 
mining this  function.  Since,  if  U  were  known  we  could  determine  8,  it  follows 
that  if  we  can  find  8  we  can  determine  U, 

Let  A  and  Ai,  Fig.  1,  be  two  adiabatic  curves  lying  indefinitely  near  each 

other,  and  let  the  state  of  a  body 
be  given  by  the  pressure  p  and  the 
volume  V. 

For  the  curve  ab  let  the  varia- 
tion of  ^  with  V  be  given  by  the  law 


S-UUS 


Fig.  1. 


S  :=f{piv)  =  constant^ 

and  for  the  curve  be  by 

S  +  dS  =/(pi«)  =  constant 

If  the  body  passes  through  a 
cycle  aheda,  then  the  shaded  surface 
represents  the  work.  The  area  of 
this  surface,  which  we  denote  by  d'F,  is  easily  determined,  since  it  may  be 
regarded  as  an  indefinitely  small  parallelogram  whose  area  is  equ&l  to  the 
rectangle  ab'e'd',  hence 

tPF  =  area  =  o6'  x  ad\ 

But  db'  is  the  expansion  of  the  body  d«,  during  the  change  from  a  to  6,  and 
ad'  is  the  increase  of  ^i  when  for  a  constant  volume,  the  value  8  passes  to 
8  +  d8 

We  have,  since  5  is  a  function  of  jp  and  f>, 

dS.=  ^dp  +  -^dv, 
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and  when  cIo  =  0,  that  is,  for  constant  yolnme, 

,        08 

dp 

Sobrtitating  this  for  ad\  we  have 

JM-Et                dSdo  ,^^. 

(PJ'=area= -xo- (H) 

We  can  now  determine  the  heat  dQ  to  he  added  to  the  body  in  the  change 
from  a  to  6,  in  order  that  the  condition  of  the  bbdy  shall,  as  assumed,  answer 
to  S  constant.    We  hare  only  in  equation  (C),  «<8., 

dC  =  ^  [^dS  +  advl 
d^ 
to  make  dS  =0,  and  we  have,  accordingly, 

^Q=^ (18) 

Now,  if  the  S  in  equations  (11)  and  (12)  is  assumed  identieal,  we  have  at  once, 

d'F  =  BJKA  =  ~dg. (18) 

This  equation  can  be  at  once  integrated,  since  S  and  d8  are  constant.  The 
integration  g^res 

d^=2|«- (14) 

where  Q  is  the  amount  of  heat  which  is  to  be  added  to  the  body  from  a  to  5  for 
a  constant  value  of  S, 

Conceive  now  the  cycle  process  performed.  Then  from  e  to  (i  a  quantity  of 
heat  is  to  be  abstracted,  which  must  be  greater  than  Q  by  an  amoant  equal 
to  the  work  dF,    Bepresenting  this  by  Q  +  dQ,  we  have 

dQ  =  AdF, 
and  substituting  in  the  equation  (14), 

dQ_d8 

Q~  8' 
or  integrating 

log  Q  =  log  5  +  constant, 

Q 

m  log  ^  =  constant, 

Q 
or  ^  =  constant (16) 
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The  result  expressed  by  (15)  may  be  stated  as  follows : 

If,  in  Fig.  16,  page  175,  we  consider  a  body  in  Yarioos  initial  states,  snch 
that  each  state  is  on  the  adiabatic  A,  each  of  these  states  answers  to  a  certain 
value  of  the  function  8,  as  5i,  8t,  8t,  etc.  If,  now,  we  impart  heat  to  the  body 
in  such  a  manner  that  during  the  expansion  the  value  of  8  for  each  of  the  initial 
positions  is  constant,  and  carry  the  expansion  in  each  case  to  a  second  common 
adiabatic,  then  the  quantities  of  heat  in  each  case  are  given  by 


8i  8t  8n 


.    (16) 


In  any  cycle  process,  then,*  consisting  of  two  adiabatics  and  two  curves  givoi 
by  8  =  f{pxv)  =  const.,  and  8x  =f{piv)  =  const.,  like  Fig.  1,  if  the  heat  Q  &b 
added  from  atob,  and  Qx  subtracted  from  6  to  d,  we  have 


and  since 


8''8x' 
jr=-^(^. -5),    or    F=:-^(8x-S).     .     .    . 


A8 


A8x 


(17) 


Referring  to  page  186,  we  see  that  this  is  precisely  the  same,  provided  we  put 
for  8x  and  8^  the  absolute  temperatures  Tx  and  T.  Our  factor  8,  therefore, 
stands  for  the  absolute  temperature  T.  The  form  of  the  function  S  is  then 
known.    It  is  the  combined  law  of  Mariotte  and  Gay  Lussao,  p.  158, 

pv  =  B{a  +  t). 


Our  fundamental  formulie,  therefore,  become 


dp       dv 


(L) 


.      ^dt       ^dt 
ap  civ 


.    .    •    .  (IL) 


dQ  =  A[Xdp+  Ydv] 

dQ  =  -^[Tdt^{a  +  f)dp] 
\di) 


(in.) 
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APPLICATION  OF  THE  PRINCIPAL  EQUATIONS  TO  GASES. 

If  the  unit  of  weight  of  a  gas  of  yolume  v,  pressure  p^  and  temperature  i,  is 
raised  under  constant  pressure  till  the  increase  of  temperature  is  dt,  the  heat 
required  is 

dQp  =  Cfdi. 

PV)r  constant  yolume,  the  heat  required  is 

dQ^  =  cdi. 

But  from  (III.)>  if  the  pressure  is  constant,  dp  =  0,  and  by  the  third  equa- 
tion, 

dv 
while  for  Tohune  constant  (^  =  0,  and  from  the  second  of  equations  (IILX 


dQ^^^di. 


dt 
dp 


We  haTe,  therefore,  for  gases. 


e,  =  -gj-     and    c,  =: 
di 


dt    ' 
dp 


and  henoe  we  determine  at  once  the  functions  X  and  Fin  our  general  equations, 
for  permanent  gases, 

^-T    dp 


A     dv 


as) 


Bat  lor  permanent  gases  pe  =s  i{(a  +  Q,  henoe 

dp     R 


and  hf  fubatiiuiioo  in  (18)^ 


dt 
dv 


£ 


m 


X=: 


AB 


(20) 
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We  haTo  then  determined  for  gases*  the  Tallies  of  the  functions  X^  T,  and  & 

Since  £I  =  -5t_     and     ^  =  -5l. 

dp       AM      •"^     <ir       iL8  • 

oar  first  principal  equation  (L)  ndnces  to 

^  —  «•  =  Afi. (21) 

That  is»  (Ke  difference  of  the  epeeifie  hsaU  far  equal  iMigkU,  ie  a  eoiuUmi 
quaniity  far  every  gag. 

If  we  pat  B  as  determined  bj  eiqwrimeni,  for  air  20.272»  and  e,  =  OJMTSl, 
6,  =  0.16844,  we  find 

^  =  — - —  =  428.8  meter-kilog, 
A       e,-^  e^  " 

The  experimental  ralne  of  Jonle  was  428.55. 
Oar  second  principal  equation  (II.),  redooes  to 

Bat  from  (21),  we  have  Cp  —  e,  =  AR,  hence  pe  =  JS(a  +  (%  and  oar  SBOOud 
principal  equation  expresses  the  combined  law  of  Maziotte  and  Gay  Lussac. 
Finally  equations  III.  take  the  form 

dQ^-g[vdp  -{■  hpdvl 


dQ^cdi-^^^^^^^dv (22) 


dQ^hedi^'^^^^'^dp 


where  0  is  the  specific  heat  for  constant  Tolome  and  Cp  =  hcm,  or  k:=z  -^  • 


ISOTHEBXAL  AKD  ISODYNAMIO  OUBYES  FOB  PEBUANENT  OASEa. 

By  isothermal  ourre  we  designate  that  curre  according  to  which  the  Tolome 
t;  and  pressure  j>  change  when  the  temperature  is  constant. 
The  equation  of  this  curre  is 

pv  =  ET  =  constant. 

It  is  therefore  an  hyperbola  whose  asymptotes  coincide  with  the  co-ordinate 
axes. 

If  the  initial  condition  vs  giyen  by  |>i  and  «i,  then  the  constant  j^iei  is  known, 
and  the  cnnre  can  be  described.  Since,  howerer,  the  constant  is  also  ^(a  +  Of 
the  curre  may  be  determined  by  the  temperature  alone,  and  described  without 
knowing  the  initial  yalues  jii  and  Oi. 
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FOBM  OF  THE  FUKOTIOH    U  FOB  PERMANENT  GASES. 

We  can  easily  determine  the  relation  ot  U  to  p  and  «  for  permanent  gases, 
or  gases  so  far  remoTed  from  the  point  of  liquefaction  that  the  di^gregation  woric 
18  negleeted. 

We  hame  the  general  equation 

dQ  =  A[dU+dLl 

or  when,  during  the  addition  of  the  heat  dQ,  the  gas  oveicomes  a  resistance 
equal  to  its  own  tension, 

dQ  =  A{dU  +  pdf>). 

For  permanent  gases  this  equation  takes  the  form  given  by  the  second  ol 
eqnatioDS  (22), 

Now,  since  |w  =  E{a  +  t), 

dQ  =  edt  -k-  Apdv (28) 

Hence,  by  comparison  with  the  general  equation,  we  have 

dU=±-dt. (24) 

Integrating  between  the  initial  and  final  temperatures  ti  and  i,  we  have  for 
the  change  of  inner  work, 

IT"- cr,  =  —(<-<,); m 

or  denoting  initial  and  final  pressure  and  volume  by  piVi,  p  and  e,  and  rem«m«- 
bering  that  jw  =  J2(a  +  0,  we  have 

c^- CT,  =  -jg.(p©-jp,v,) (2e) 

Thus  for  permanent  gases  the  form  of  the  function  U  =  F(pv)  is  oompletely 
determined,  and  we  see  from  (29)  that  the  change  of  inner  work  is  determined 
dmply  by  the  difference  of  temperature,  provided  that  the  outer  pressure  is 
always  equal  to  the  tension  of  the  gas. 

If  the  gas,  during  the  change  of  state,  has  performed  the  outer  werk  X,.and 
the  quantity  of  heat  Q  has  been  added,  then  we  have 

Q  =  e(t-'tx)  +  AL; (27) 

or  if  the  gas  overoomes  a  resistanoe  equal  to  its  own  pressoze. 


Q  =  c(i-'tt)-¥A 


pdv, 
hi 
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IBODIHAMIO  OUBT& 

By  isodynamic  dure  we  designate  that  carre  aooording  to  wbieh  the  pveiBoie 
and  Tolume  change  when  the  inner  work  Uia  constant,  and  henoe  dU  —  0. 

From  (24)  we  see  that  when  d27=  0,  (I<  is  also  zero.  Henoe  no  change  of 
temperatnre  ocean.  For  permanent  gases,  then,  the  isodynamic  and  isoth«iiud 
cnnres  are  identicaL 

As  to  the  heat  Q  which  must  he  added,  when  the  initial  and  final  tempen- 
tores  are  equal,  or  ^i  =  <,  we  have  from  (27), 

Q^AL. 

Now  L  is  the  work  performed  by  the  gas,  and  AL  the  corresponding  heat 
which  disappears.  For  isothermal  change,  then,  of  a  pennanent  gas,  the  entire 
heat  added  goes  to  outer  work.  Also,  the  same  holds  true  when  the  gas  pBBses 
from  one  condition  of  equilibrium  to  another,  no  matter  cteeording  to  what  law 
the  chcmge  of  itate  takes  plaee,  provided  only  the  initial  and  final  temperstmes 
are  the  same. 

For  the  special  case  that  during  the  change  the  resistance  is  equal  to  the  ten- 
sion, we  have 

If  during  the  entire  change  the  temperature  is  constant,  we  have  p  =  — ^ '- , 

and  henoe 

{^tdv 
Q  =  AR{a  +  f)\     — . 

Hence,  since  j>i9i  =  j?iVs  :=zR{a  +  t), 

Q  =  AR(a-\-t)\og^^^ApivAog^^=Aptff^\og^,     .    (98) 

V\  Vx  «i 

or  instead  of  —  we  may  put  ^ . 

Q 
The  outer  work  X  =  --  ,  or 

Z  =  i2(a  +  0logl'=:p,t;,log^'=l>.«,log^'.     .    .    (26) 

V\  V\  Vx 

These  last  two  expressions  for  the  work  L  for  isothermal  change  have  long 
been  known,  and  can  be  deduced  directly  from  Mariotte's  law.  From  the  stand- 
point of  thermodynamics  we  see  also,  however,  that  the  heat  is  proportional  to 
the  work.  We  see  also  from  (28)  and  (29)  that  the  amount  of  heat  and  work  are 
independent  of  the  kind  of  gas,  for  the  same  initial  and  final  states. 
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APPABENT  AND  TBUE  SPECIFIG  HEAT. 

Aooording  to  (24)  and  (25)  the  inner  work  appears  as  a  function  of  the  tem- 
perature only,  80  that  the  inner  work  is  the  same  when  the  temperature  is  the 
same,  whaterer  the  kind  of  gas. 

Now  we  assume  that  the  heat  added  has,  in  general,  a  three-fold  action.  A 
part  goes  to  vibration  work,  and  is  indicated  by  temperature.  A  part  goes  to 
diagregation  work,  and  is  indicated  by  change  of  volume.  A  part  goes  to  outer 
work. 

For  a  perfect  gas,  we  assume  that  the  disgregation  work  is  zero.  In  the 
e^fnatioii 

dg  =  A{dW'^dJ+dL),       . 

we  have,  then,  dJ=0. 

In  reality  there  is  no  such  gas,  but  dJ  is  smaller  as  the  gas  approaches  the 
perfect  condition.  For  the  so-called  *' permanent"  gases,  such  as  air,  it  is 
indefinitely  small. 

If,  now,  the  unU  of  volume  of  an  actual  gas  is  heated  under  eonetant  ixdutne, 
dL  =  0.  If  we  assume  that  the  increase  of  temperature  is  a  measure  of  ,the 
increase  of  vibration  work,  we  have 

dQ9=:oodi'\-  AdJ. 

For  a  perfect  gas,  dJ  is  zero,  and  oo  would  be  the  specific  heat  f6r  constant 
vdume  of  the  unit  of  volume  (volume  capacity).  If,  however,  dJ  is  not  zero, 
it  is  undoubtedly  always  positive,  since  the  particles  act  attractively.  Rankine 
calls  the  value  of  oo  in  the  above  equation  the  '*  real  specific  heat."  The  total 
heat  necessary  to  raise  the  unit  of  volume  or  weight  one  degree  under  constant 
volume  or  pressure,  as  determined  by  experiment,  we  may  call  the  "  apparent 
specific  heat."  If  from  this  be  subtracted  all  the  heat  required  for  disgregation 
and  outer  work,  the  remainder  is  the  real  specific  heat. 

We  conclude,  then,  that  the  identity  of  the  isothermal  and  isodynamic 
carves  holds  good  accurately  only  for  perfect  gases.  For  actual  gases  they 
deviate  more  the  more  the  gases  depart  from  the  perfect  condition.  For  the 
so-called  pennanent  gases  the  deviation  is  of  no  significance. 


THE  ADIABATid  CUBVE  FOB  FEBMAKENT  GASES. 

The  adiabatic  curve  gives  the  law  of  variation  of  pressure  and  volume  when 
no  beat  is  imparted  or  abstracted  during  the  change  of  state. 


CHAPTEB  Vm 

OOMPABISON  OF  THE  HOT-AIB  ENGINE  AND  STEAM  ENGINE. — ^VAEIOUS 

KINDS  OF  HOT-AIB  ENGINES. 

Effidefncy  of  the  Steam  Engine, — ^It  has  been  proyed  that  one 
unit  of  heat  is  equivalent  to  a  meohanical  work  of  424  meter- 
kilograms.  Now  one  kilogram  of  good  anthracite  famishes 
about  7,500  heat  units,  that  is,  it  will  heat  7,500  kilograms  of 
water  one  degree,  or  will  raise  750  kilograms  of  water  10"*.  If 
therefore,  all  the  heat  furnished  by  the  combustion  of  one  kilo- 
gram of  coal  could  be  transformed  into  mechanical  work,  we 
should  have  7,500  x  424  =  3,180,000  meter-kilograms.  This 
work  would  be  obtained  in  one  second  if  the  combustion  occu- 
pied one  second,  in  one  hour  if  the  combustion  occupied  one 

hour.    In  the  latter  case,  the  delivery  would  be     oaf)(\    =  ^^ 

883 
meter-kilograms  per  second,  or  -=^  ==  about  12  horse-power. 

Experiments  upon  the  steam  engine  have  shown  that,  even  in 
the  best,  about  2  kilograms  of  coal  are  necessary  for  one  horse- 
power, and  therefore  only  ^  of  the  work  in  the  fuel  is  ob- 
tained.   Most  engines  use  from  1  tt  to  2  times  as  much  coal,  so 

that  their  efficiency  is  only  ^  X  ^  =  A  or   ^xi  =  ^. 

At  first  sight  it  would  seem  that  the  reason  of  this  is  to  be 
sought  in  defective  boiler  construction,  setting,  etc  But  in  all 
these  respects  but  little  room  for  improvement  now  remains. 
Hence  Bedtenbacher  concluded  that  better  results  could  only 
be  obtained  by  an  entire  change  in  the  method  of  conversion 
of  heat  into  work.  What  sort  of  change  is  necessary,  he  has 
not  informed  us.    In  the  present  condition  of  science  it  would 
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be  hard  to  find  any  one  competent  to  give  ns  such  iniormatioiL 
Meanwhile  Zenner  has  shown  that  our  best  steam  engines,  as 
well  as  hot-air  engines,  utilize  the  fuel  exceedingly  weU,  and 
that  we  demand  an  impossibility  when  we  require  these  ma- 
chines to  utilize  all  or  even  the  greatest  part  of  the  heat  con- 
tained in  the  fueL  It  would  be  as  reasonable  to  expect  a  water 
wheel  to  utilize  the  entire  fall,  from  the  source  to  the  sea,  of 
the  river  which  moves  ii 

Still,  the  views  held  as  to  the  imperfect  utilization  of  the 
fael  by  the  steam  engine,  and  perhaps  also  the  danger  of 
explosions,  which  unfortunately  still  remains,  led  to  the  con- 
stmction  of  the  hot-air  engine. 

We  know  that  water  requires  to  convert  it  into  steam  about 
540  heat  units.  This  enormous  amount  of  heat  is  required 
simply  to  convert  the  liquid  water  into  a  gas.  8ince  the  air  is 
already  a  gas,  no  heat  is  needed  for  such  a  transformation,  and 
hence  it  would  seem  to  be  much  cheaper  than  steam.  This 
however  is  not  the  case»  as  will  be  seen  hereafter. 


B 


Work  which  One  Kilogram  of  Water  Performs  in  Evaporation. — 
Let  ABCD  be  a  cylinder  whose  cross-section  is  exactly  one 
square  meter,  Fig.  28.  In  the  bottom  is  one  cubic 
decimeter,  or  one  kilogram,  of  water  at  0"".  Upon 
the  surface  of  the  water  rests  the  air-tight  piston 
KK.  Since  the  cross-section  of  the  cylinder  is 
one  square  meter,  the  depth  of  the  water  is  one 
miUimeter ;  for  -nAnr  of  a  cubic  meter  =  1  cubic 
decimeter. 

Suppose  the  piston  J^JTloaded  with  10,334  kilo- 
grams, and  that  there  is  a  vacuum  above  it.  The 
pressure  of  10,334  kilograms  corresponds  then  to 
that  of  the  atmosphere  at  O''  and  760*"*"-  of  ba- 
rometer. 

If  now  we  heat  the  water  up  to  lOO"",  any  fur- 
ther addition  of  heat  generates  steam  of  10,334 
kilograms  pressure.  It  is  known  to  be  a  physical 
iact,  to  which  we  shall  return  when  we  come  to 
speak  of  steam  and  the  steam  engine,  that  steam 
generation  will  not  commence  until  the  tempera- 
tare  of  100""  is  attained.    If  it  is  desired  to  make 
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it  occur  earlier,  the  pressure  on  the  piston  must  be  diminished. 
The  more  heat  we  impart,  the  more  steam  is  generated  and  the 
piston  is  raised  eyer  higher,  while  the  temperature  remains  at 
100  \  When  all  the  water  is  converted  into  steam,  the  piston 
will  be  about  1734  millimeters  or  1.734  meters  above  the  bot- 
tom, since  the  one  cubic  decimeter  of  water  will  give  about  1734 
cubic  decimeters  of  steam.  The  pressure  10,334  kilograms  has 
thus  been  raised  1.734  meters,  which  corresponds  to  a  me- 
chanical work  of  17,919  meter-kilograms. 

Since  we  must  impart  about  540  heat  units  to  change  the 
water  at  100""  into  steam  at  100"^,  and  also  100  heat  units  to 
raise  the  water  from  0"^  to  100°,  we  have  imparted  altogether 
about  640  heat  units  in  obtaining  the  above  work. 

If  the  piston  is  loaded  with  2  x  10834  kilograms,  steam  gen- 
eration commences  at  121^,  and  the  water  must  be  heated  to 
this  temperature  before  the  piston  is  raised.  If  all  the  water 
is  converted  into  steam,  the  height  to  which  KK  is  raised  is 
914  millimeters  =  0.914  meters,  and  the  one  cubic  decimeter 
of  water  furnishes  914  cubic  decimeters  of  steam  of  2  atmos- 
pheres pressure.  Since  the  steam  occupies  a  space  of  914 
cubic  decimeters  while  before  it  occupied  1734,  we  see  that  its 
density  is  nearly  double  as  great  as  before. 

But  now  the  quantity  of  heat  imparted  in  this  case,  in  order 
to  completely  vaporize  the  water  is  only  about  640  heat  units. 
The  work  performed  however  is  2  x  10334  x  0.914  =  18890 
meter-kilograms,  or  greater  than  before. 

If  we  load  the  piston  with  3  x  10334  kilograms,  vaporization 
takes  place  at  about  136°.  The  steam  occupies  the  space  of 
620  cubic  decimeters,  and  the  piston  is  raised  through  620 
millimeters.  The  work  performed  is  3  x  10334  x  0.621  =  19262 
meter-kilograms,  while  the  heat  imparted  is  still  only  about 
about  640  heat  units,  and  so  on. 

We  see  that  the  work  of  the  steam  is  greater  the  more  the 
piston  is  loaded,  that  is,  the  more  the  water  is  heated,  or  the 
greater  the  expansive  force. 

In  all  cases,  however,  the  heat  required  for  the  outer  work 
is  much  less  than  that  required  for  the  vaporization.  In  the 
1st  case  the  latter  is  540  x  424  =  228960  meter-kilograms ;  in 
the  2d,  (640  - 121)  424  =  220056,  and  in  the  3d,  (640  - 135) 
424  =  214120  meter-kilograms. 
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This  circumstance,  that  most  of  the  heat  serves  only  to  va- 
porize the  water — ^to  separate  the  molecules — ^has,  as  we  have 
remarked,  led  to  the  idea  of  using  some  naturally  gaseous 
body,  and  of  these  there  are  none  more  suitable  than  the  air. 

Higtoriooi  Note  upon  Hot- Air  Engines, — ^The  first  to  apply  the 
idea  of  using  hot  air  appears  to  have  been  John  Stirling,  of 
Glasgow.  In  the  year  1827  he  devised  an  air  engine,  the  con- 
struction and  efficiency  of  which  are  not  now  known.  Six  years 
later  John  Ericsson  constructed  a  similar  engine  in  London, 
which  he  called  a  ^^  caloric  engine,^^  The  invention  made  little 
progress  in  England,  although  such  men  as  Faraday  and  Ure 
were  interested  in  it»  and  Ericsson  removed  to  America,  where 
his  activity  in  many  directions  has  been  so  marked.  Here  he 
worked  at  the  perfecting  of  his  caloric  engine,  and  in  1848  he 
succeeded  in  introducing  his  first  engine  on  an  improved  sys- 
tem, in  the  Delamater  iron  foundry  in  New  York.  It  was  only 
5  horse  power,  but  in  the  following  year  one  of  60  horse  power 
was  set  up,  and  in  1851  a  caloric  engine  was  exhibited  at  the 
London  exposition.  The  engine  thus  became  more  widely 
known,  but  was  regarded  in  Europe  more  as  an  interesting  toy, 
incapable  of  competing  in  practice  with  the  steam  engine. 

This  view  was  by  no  means  contradicted  by  the  experiments 
made  in  America,  in  the  following  years.  The  invention  of 
Ericsson  was  followed  up  with  great  zeal,  and  a  company  was 
formed  with  John  B.  Eitching  at  its  head,  to  which  also  the 
Secretary  of  the  Navy,  Kennedy,  belonged,  to  build  a  large 
vessel  with  caloric  engines  called  the  ^^  Ericsson."  This  vessel 
made  its  first  voyage  on  the  16th  of  February,  1858. 

The  vessel  was  2200  tons,  and  had  four  caloric  engines, 
which  set  in  motion  two  paddle-wheels.  The  cylinder  was  14 
feet  in  diameter  and  6  feet  stroke,  and  the  air  was  heated  to 
195''  0.  In  order  to  prevent  loss  of  heat  and  reduce  the  ex- 
penditure of  fuel,  there  were  four  remarkable  contrivances  near 
the  cylinder,  called  '^  regenerators."  Each  of  these  consisted 
of  a  network  of  wires,  whose  combined  length  was  nearly  fifty 
miles.  Before  the  air  escaped  it  passed  through  these  re- 
generators, and  gave  up  its  heat  to  the  wires,  which  then  were 
ready  to  impart  heat  to  the  fresh  charge  of  air.  The  engine, 
according  to  Ericsson's  calculation,  was  600  horse  power,  and 
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since  it  oonsumed  in  twenty-four  hours  eight  tons  of  coal,  each 
horse  power  per  hour  required  the  extraordinarily  small  quan- 
tity of  1.11  pounds,  or  about  \  kilogram.  According  to  the  re- 
port of  Prof.  Wm.  A-  Norton,*  however,  the  power  of  the  engine 
on  the  trial  trip  was  only  300  horse  power,  which  gives  2.2 
pounds  of  coal  per  horse  power  per  hour,  an  amount  which, 
in  comparison  with  the  best  marine  engines,  which  require 
about  3.11  pounds,  shows  still  a  noticeable  economy. 

Although  as  regards  economy  of  fuel,  therefore,  the  engine 
was  preferable  to  an  ordinary  steam  engine,  it  had  the  dis- 
advantage  of  much  greater  weight  and  space.  Prof.  Norton 
came  therefore  to  the  conclusion,  that,  in  its  present  condition, 
the  engine  waa  not  suited  for  marine  use  or  for  locomotives, 
but  that  where  weight  was  of  less  account,  and  economy  of  fuel 
was  desired,  it  possessed  many  good  quaUties. 

Ericsson  himself  noticed  during  the  test  many  defects,  which 
upon  his  return  to  New  York  he  sought  to  remedy.  Instead 
of  four  cylinders  he  used  two  of  somewhat  less  diameter,  but 
longer  stroke.  But  the  test  with  this  new  apparatus  gave 
more  unfavorable  results  than  the  first,  and  so  in  the  begin- 
ning of  1854,  the  engines  were  taken  out  and  replaced  by  ordi- 
nary marine  steam  engines. 

Ericsson  now  busied  himself  with  the  construction  of  smaller 
machines,  for  the  purposes  of  the  lesser  industries.  In  1860 
he  succeeded  in  producing  an  engine  which  found  general  ac- 
ceptance not  only  in  America,  but  also  in  France,  Gtermany, 
and  Sweden.  In  Germany  the  Director  of  the  workshops  of 
the  Hamburg  Magdeburg  Steamship  Company,  Andrea,  spe- 
cially interested  himself  in  the  introduction  of  the  new  inven- 
tion. But  it  also  has  not  realized  the  hopes  which  were  placed 
in  ii  After  a  few  years  it  was  removed  from  many  establish- 
ments, and  replaced  by  the  steam  engine.  We  shall  have  oc- 
casion later  on  to  describe  the  Ericsson  engine  in  detail 

Comparison  of  the  Work  performed  by  Hot  Air  and  Steam.— 
Let  us  see  now  whether  hot  air  is  in  fact  a  cheaper  motor  than 
steam. 

We  suppose  again  under  the  piston  KKj  Fig.  29,  whose  cross- 
section  is  one  square  meter,  one  kilogram  of  air  at  O''  and 

*  American  Jonroal  of  Bcienoes  and  Arts,  9d  Series,  vol.  xv.,  May,  1868. 
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atmospheric  pressure.  This  occupies  a  space  of  0.7733  cubic 
meters,  and  hence  the  piston  KK  is  at  a  distance  0.7733 
meters  from  the  bottom.    Let  there  be  a  vacuum  ^  n 

above  the  piston,  and  let  it  be  loaded  with  10,334      — "— — 
kilograms. 

The  air  cannot  expand  because  its  pressure  is 
in  equilibrium  with  the  piston  pressure. 

If  now  we  heat  the  inclosed  air  gradually,  up  to 
273'',  it  expands,  as  we  know,  to  double  its  volume, 
and  the  piston  is  raised  0.7733  meters.  The  work 
performed  is  hence  10334  x  0.7733  =  7991  meter- 
kilograms,  and  the  heat  imparted  is  0.2375  x  273 
=  61.84  heat  units. 

When  we  converted  1  kilogram  of  water  into 
steam  of  one  atmosphere,  we  imparted  640  heat 
miits,  and  obtained  a  work  of  17,919  meter-kilo- 
grams.   For  a  work  of  only  7,791  kilograms,  we 
should  need  to  evaporate  only  tSViV  =  0«45  kilo-  *^[ 
grams  of  water,  for  which  we  should  impart  only 
640  X  0.45  =  288  heat  units.    We  obtain,  therefore,  D' 
in  fiujt,  by  means  of  air,  as  much  work  by  the  ex-        ^«-  *•• 
penditure  of  6494  heat  units  as  by  the  expenditure  of  288  heat 
mats  with  water ;  or  inversely,  if  we  wish  to  obtain  the  same 

work  with  water  as  with  air,  we  must  use  -oTqA  ~  ^^  times  as 

much  faeL 

But  now,  by  the  use  of  steam  we  can  cause  a  good  vacuum 
above  the  piston.  Thus,  in  a  condensing  engine,  the  back  press- 
ure upon  tiie  piston  is  only  |  to  |  of  an  atmosphere.  In  our 
illustration  with  steam  then,  already  discussed,  after  the  pis- 
ton has  moved  through  1.734  meters,  we  can  gradually  remove 
the  pressure  from  it  down  to  4-  x  10334  or  ^  x  10334  kilograms, 
during  which  the  steam  expands,  performing  work  at  the  ex- 
pense of  its  inner  work,  and  thus  a  considerable  amount  of 
mechanical  work  can  be  obtained  without  further  expenditure 
of  heat.  In  the  hot-air  engine,  on  the  other  hand,  we  cannot 
make  the  back  pressure  less  than  one  atmosphere.  On  this 
account  the  difference  in  fuel  consumption  will  be  less  than  as 
above  computed. 

To  this  we  may  add  that  with  steam  the  engine  can  be  much 
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smaller  than  with  air.  For  with  steam,  as  we  have  seen,  for  a 
work  of  7,991  kilograms  we  need  to  vaporize  only  0.45  kilograms 
of  water.  The  piston  then  will  be  raised  only  1.734  x  0.45  = 
0.7803  meters,  and  the  entire  space  required  is  0.7813  cubic 
meters.  With  air,  on  the  contrary,  we  require  2  x  0.7733  = 
1.5466  cubic  meters,  or  almost  twice  as  much  space.  (It  is 
worth  remarking  that  with  the  steam  engine  we  must  keep  on 
hand  20  or  30  times  as  much  steam  as  is  used  per  stroke,  so 
that  the  entire  apparatus,  boiler  and  all,  may  occupy  more  spaoe 
than  the  hot-air  engine.) 

If  we  compress  the  air  under  the  piston  to  3  atmospheres,  it 
occupies  only  ^d.  of  its  Tolume  for  one  atmosphere.  We  must 
then  load  the  piston  with  3  x  10334  kilograms.    Its  height  will 

then  be  -^  —  =  0.2578  meters.    Upon  heating  to  273°  it  rises 
o 

0.7733 

to  double  this  height,  and  the  work  done  is  3  x  10334  x  -^-^ — 

=  10334  X  0.7733  =  7991  meter-kilograms,  while,  as  before,  648 
heat-units  are  required.  By  gradually  diminishing  the  press- 
ure upon  the  piston  down  to  10,334  kilograms,  we  can  now 
obtain  work  by  the  expansion  of  the  air.  The  work  thus 
obtained  is,  however,  in  part  lost  when  the  air  is  again  com- 
pressed to  three  atmospheres,  and  thus  brought  back  to  its 
original  condition. 

Let  us  compare  with  this  the  example  already  given,  where 
1  kilogram  of  water  was  converted  into  steam  of  3  atmospheres. 
If  here  we  wish  a  work  of  only  7,991  meter-kilograms,  we  have 

to  vaporize  only  ^qoVo  =  0.405  kilograms  of  water,  and  there- 
fore expend  640  x  0.405  =  259.2  heat-units,  or  still  -^j^  ==  ^ 

times  as  much  as  for  the  air.  But  now,  by  expansion  down  to 
|th  to  ^th  of  an  atmosphere,  we  can  obtain  considerable  work, 
almost  none  of  which  is  lost,  because  the  water  mass  of  0.405 
kilograms  which  we  have  to  force  back  into  the  boiler,  occupies 
a  very  small  space,  so  that  the  work  required  to  force  it  in  is 
very  smalL  For  such  reasons,  then,  scarcely  double  as  much 
fuel  may  be  required  as  for  air. 

From  the  above  it  follows,  that  hot  air  is,  in  general,  a  cheaper 
motor  than  steam,  but  the  difference  is  less  the  greater  the 
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tensioii  of  the  steam  and  the  greater  the  expanfiion.  To  this 
we  must  add  that  the  engine  proper  for  the  same  power  is  less 
in  size  for  the  steam  than  air,  and  that  the  steam  requires  to  be 
heated  to  a  muoh  less  temperature  than  the  air.  This  allows 
the  steam  piston  and  stuffing  boxes  to  be  better  lubricated,  and 
materially  reduces  the  friction.  On  the  other  hand,  the  hot-air 
engine  is  free  from  danger  of  explosion,  and  requires  little  or 
no  water. 

Let  us  now  examine  the  construction  and  theory  of  these  en- 
gines a  little  more  closely. 


L  OPEN  HOT-AIR  ENGINE  WITH  OPEN  FIEEPLACB,  IN  WHICH 
THE  HOT  AIR  IS  EXPELLED  AT  EACH  STROKE.  CALORIC  EN- 
GINE OF  ERICSSON— SYSTEM  OF  1860. 

In  Fig.  80  we  have  an  ideal  section  of  such  an  engine.  The 
cylinder  is  ohcdL  In  the  right  half  of  it  are  two  pistons  pq  and 
ra^  of  which  one  is  the 
working  piston  and  the  \w 

other  the  feed  piston. 

In  the  back  part  of 
the  cylinder  is  an  iron 
fire-box  efgh\  ik  is  the 
grate,  { the  ash-pii  The 
hot  gases  pass  from  the 
fire  space  through  the 
pipe  mn  into  the  an- 
nular space  vw  which 
surrounds  the  cylinder 
abod.  In  this  way  as 
much  heat  as  possible 
is  imparted  to  the  cylinder.  The  hot  air  escapes  from  mo  by 
the  chimney  oo  into  the  outer  air. 

The  working  piston^  has  valves,  two  of  which  are  shown  at 
i  and  tt.  These  valves  open  toward  the  left  The  motion  of  this 
piston  is  transferred,  by  means  of  two  rods  and  lever  work,  to  a 
fly-wheel,  one  half  of  which  is  heavier  than  the  other.  From  this, 
by  means  of  mechanism,  motion  is  imparted  to  the  feed  piston 
rv,  so  that  it  has  a  greater  velocity  thfux  the  working  piston* 

15 
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To  the  left  of  the  feed  piston  is  fastened  a  cylinder,  ss,  of 
thin  cast-steel  plate,  which  has  a  somewhat  greater  diameter 
than  the  fire-box.  The  fire-box  is  surrounded  by  another  cyl- 
inder of  cast-steel,  xy,  which  receives  the  heat  radiated  from 
the  cylinder  and  fire-box. 

Finally  we  have  at  A,  a  pipe  with  a  valve  c2,  through  which 
the  hot  air  escapes  after  acting  in  the  engine.  As  A  commu- 
nicates with  the  chimney  oo,  the  hot  air  and  products  of  com- 
bustion are  discharged  together  into  the  outer  air,  or  may  be 
discharged  into  a  closed  space. 

Method  of  Action. — ^Let  us  now  consider  the  method  of  action 
of  the  engine.  First,  the  fly-wheel  is  turned  by  a  simple  appa- 
ratus, BO  that  the  centre  of  gravity  of  the  heavy  half  lies  a  little 
to  one  side  of  the  highest  point.  The  centre  of  gravity  then 
sinks  of  itself,  and  the  fly-wheel  turns  180"".  This  motion  is 
imparted  by  means  of  link  work,  to  the  pistons  pq  and  ra.  But 
since  the  feed  piston  ra  moves  more  rapidly  than  the  working 
piston,  pq^  a  partial  vacuum  is  caused  between.  In  conse- 
quence of  this,  the  valves  t  and  u  in  the  working  piston  open, 
and  air  enters  between  the  pistons.  The  valve  a,  in  the  feed 
piston,  which  possesses  a  very  different  form  from  that  shown  in 
the  Figure,  and  is  applied  at  a  different  place — closes.  The  hot 
air  remaining  in  the  cylinder  departs  through  (2,  which  remains 
open  during  the  entire  motion  of  the  feed  piston  from  right  to 
left 

When  the  feed  piston  has  reached  its  extreme  position  on 
the  left,  the  working  piston  has  not  completed  its  stroke,  but 
still  moves  toward  the  left,  while  the  feed  piston  now  moves 
toward  the  right.  The  air  between  is  thus  compressed,  and 
the  valve  a  opens,  and  admits  a  portion  of  the  air  into  the  hot 
space  left  of  the  feed  piston. 

This  air,  which  enters  cold,  is  now  rapidly  heated,  especially 
by  the  hot  plates  xx  and  zzy  and  thus  has  a  greater  expansive 
force.  This  pressure  is  distributed  according  to  the  law  of 
distribution  of  pressure  in  a  fluid,  over  the  entire  vdume  of 
air,  that  is,  it  acto  not  only  upon  the  feed  piston,  but  also  upon 
the  working  piston,  which  it  forces  toward  the  right 

But  when  this  motion  towards  the  right  begins,  the  feed  pis- 
ton is  already  traveling  in  the  same  direction,  and  since  it 
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moves  taster  than  the  irorking  piBton,  more  cold  air  is  being 
contiQaallj  forced  through  a  into  the  hot  space.  The  tension 
of  the  inclosed  air  thus  increases,  and  reaches  its  maxim  am 
vhen  the  feed  piston  has  passed  through  half  its  stroke,  and 
has  its  greatest  velocity. 

From  this  point  it  diminishes  gradually  down  to  about  1.16 
atmospheres,  when  the  feed  piston  is  at  the  end  of  its  stroke. 

At  this  moment  the  exhaust  valve  d  opens,  and  the  hot  ail 
escapes  rapidly,  -while  the  feed  piston  returns  towards  the 
left  While  then  the  tension  of  the  hot  air  is  sinking  to  one 
atmoepbere,  the  working  piston  returns  a  certain  amount,  about 
t\iii  of  its  entire  stroke,  so  that  we  can  assume  during  this 
period  the  pressure  equal  upon  both  sides  of  the  working  pis- 
ton. 

It  should  be  especially  remarked,  that  the  valve  a,  during 
forward  motion  of  the  feed  piston,  remains  constantly  open, 
that,  therefore,  the  increased  tension  of  the  hot  air  is  trans- 
ferred to  the  cold  air  between  the  pistons,  and  that  hence,  only 
the  working  piston  is  impelled  by  the  increased  tension.  For 
this  reason  it  is  called  the  "  workiTig  piston."  The  rear  piston, 
by  means  of  its  greater  velocity,  forces  the  oold  air  into  the 
hot  space,  and  is  hence  called  the  "/eed  piston."  By  this  ar- 
rangement t^e  working  piston  is  shielded  from  the  radiant 
heat  of  the  hot  portion  of  the  cylinder,  and  can  be  lubricated 
and  kept  in  good  condition.  In  fact,  in  this  lies  a  great  purt 
of  the  ingenuity  of  the  whole  invention.  During  the  back- 
ward motion  of  the  feed  piston,  the  valve  a  is  closed. 

In  order  that  the  cold  air,  when  it  arrives  in  the  hot  space 
behind  the  feed  piston  may  be  heated  qoickly,  it  must  enter 
more  readily  than  the  valve  a  would 
allow,  and  the  following  arrangement 
is  adopted.  Upon  the  circumference 
of  the  feed  piston  rs,  rectangular 
notches  are  cut,  from  J  to  1  inch 
broad,  by  i  deep.  In  the  Figure  31 
only  two  can  be  seen  at  oo.  Behind 
the  piston  is  a  steel  ring,  it,  which 
fits  the  cylinder  snug,  but  whose  inner 

circumference  is  about  |  inch  from  the  feed  piston.  Thus  in 
the  position  shown  in  the  Figure,  communication  is  open 
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between  the  space  right  and  left  of  the  feed  piston,  and  cold 
air  can  paea  throogh.  The  ring  is  held  in  place  on  the  left  by 
seyeral  pins,  npon  the  drcmnilerenoe  of  the  back  extension  of 
the  piston.  When  the  piston  moves  toward  the  left  there  is 
a  partial  Yacaom  between  the  pistons,  and  one  atmosphere 
pressure  on  the  left^  hence  the  steel  ring  is  pressed  dose  np 
to  the  piston  face,  and  the  holes  oo  are  covered  by  it  and 
closed 
In  order  to  make  the  action  of  the  machine  still  dearer,  we 

have  given  in  Figures  32,  33,  34 
|^^^^^S™^^'^^n    35  and  36,  the  principal  positions 

I  V  I    ^^  '^^  pistons. 

I  11^  ^^'  ^  ^^  working  piston 

I  An    has  arrived  at  the  end  of  its  for- 

iw— ^ ^  I    ward  stroke,  and  the  feed  piston 

is  already  started  on  the  back 
stroke.  The  tension  of  the  air  in 
the  engine  is  one  atmosphere,  both  between  the  pistons  and 
back  of  the  feed  piston. 

In  Fig.  33  the  feed  piston  is  at 
the  end  of  its  back  stroke,  while 
the  working  piston  has  moved 
only  a  part  of  its  way  toward  the 
left  Between  the  two  is  cold  air 
of  one  atmosphere  tension. 

In  Fig.  34  the  feed  piston  has 
commenced  its  forward  stroke  while  the  working  piston  has 
arrived  at  the  left  end  of  its  stroke.    The  air  between  is  com- 
pressed, the  valve  in  the  feed  pis- 
ton is  open,  and  in  the  working 
piston  shut,  and  cold  air  is  passing 
into  the  hot  space  behind.    This 
air  when  heated  communicates  its 
higher  pressure,  according  to  the 
laws  of  fluid  pressure,  through  the 
entire  volume  of  air,  and  thus  acts 
npon  the  working  piston. 

In  Fig.  35  the  feed  piston  is  at  the  middle  of  its  forward 
stroke,  where  it  has  its  greatest  velocity,  and  where  the  greater 
part  of  the  air  has  been  forced  through  and  heated.     Here 


7to.  88. 


Fto.  81 


EBICSaON  HOT-AIR  ENGINE. 


229 


then  most  be  the  maximnm  tension.  Both  pistons  now  travel 
nearly  together,  and  bnt  little  more  air  enters  the  heated  space, 
8o  that  now  the  pressure  diminishes  as  the  volume  increases, 
and  the  air  works  expansivdy. 

Finally,  in  Fig.  36  the  feed  pis- 
ton has  reached  the  end  of  its  for- 
ward stroke.  At  this  moment  the 
exhaust  valve  opens,  and  the  ten- 
sion of  the  air  &lls  to  one  atmos- 
phere.    The  working  piston  has  Fi».  as. 

still  a  portion  of  its  stroke  to  go, 
while  the  feed  piston  moves  back. 
When  the  working  piston  arrives 
at  the  end  of  its  stroke  we  have 
the  position  of  Fig.  32. 

'ta. »  Varicdion  of  Pressure. — ^Let  ns 

now  determine  the  air  tension  at  the  various  positions  indi- 
cated in  Figs.  32,  33,  34,  35  and  36. 

In  Figs.  32,  33,  the  air  right  and  left  of  the  feed  piston  has 
the  pressure  of  the  atmosphere,  which  we  denote  by  p.  Let  the 
volume  of  air  in  the  space  r^  be  ^  cubic  meters,  and  let  its 
absolute  temperature  be  7\°.  Behind  tbe  feed  piston  let  there 
be  confined  B  cubic  meters  at  T%. 

If  now  the  specific  volume  (volume  of  one  kilogram)  of  the 
A  cubic  meters  be  t;^,  and  that  of  J3  be  t?^,  then  we  have  from 
Equation  XIL, 


pva  —  RTx    or    Va  = 


_RTx 


and 


P 


pOf,  =  jBT,    or 


(1). 


(2). 


If  we  denote  the  weight  of  the  A  cubic  meters  by  &„  and 
that  of  B  by  0^  we  have 


0.  =  ^ 


(8). 


(4)- 
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11  we  insert  in  (3)  and  (4)  the  yalues  of  v^  and  Vt,  giren  bj  (1) 
and  (2)  we  have 

^a=^^ (6). 

«^»  =  ^. («)• 

Therefore,  from  (6)  we  can  find  the  weight  of  cold  air  in- 
closed, and  from  (6)  tiiat  of  the  warm  air.  The  entire  weight 
of  air  is  then 


G 


=  G^a  +  <?6  =  |(^+^).      ...      (7). 


and  this  is  the  weight  of  air  contained  in  the  engine  for  all  the 
other  positions  dnring  the  forward  feed  stroke. 

In  the  space  r^  Fig.  34,  let  there  be  C  cnbic  meters  of  air  of 
the  temperature  Ti^  and  in  m  27  cnbic  meters  with  the  tem- 
perature T%y  and  let  the  pressure  be  ^.  We  find  as  in  (5)  for 
the  weight  of  (7, 

and  for  the  weight  of  2>, 

Dpi 

Both  weights  must  together  be  equal  to  (?,  hence 


O 


""  §■  (it  "^  ^r) ^^^ 


and  putting  (7)  and  (8)  equal  and  reducing 

Pi  _AT^  +  BTi 


p      CTt  +  DT^ 


(9). 


From,  this  we  can  determine  the  ratio  of  the  pressures  for 
the  position  in  Fig.  83  to  that  in  Fig.  34 

In  like  manner,  in  Fig.  85  let  us  have  in  r^,  i?  cubic  meters  at 
Ti^  and  inn^  H  cubic  meters  at  jTs'',  and  the  tension  in  both 

spaces  p^    Then  we  hare  for  the  weight  in  J?  as  before  ^^ 
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and  for  ihe  weight  of  H^  ^J^  ,  and  henoe 

"=■1(1+1) w 

From  (10)  and  (7) 

This  gives  then  the  maximum  tension  of  the  air. 

If  in  Fig.  36  the  volume  in  rs  is  /  cubic  meters  and  that  in  o> 
K  cubic  meters,  and  if  the  tension  in  both  spaces  is  j9^  we  shall 
have  in  similar  manner, 

p,  ;.  AT,  +  Jgg\  .g. 

p^IT^  +  ETi ^^^* 

Let  now  the  cross-section  of  the  cylinder  be  i^  square  meters, 
and  the  distance  between  the  pistons  in  Fig.  33,  be  rs,  in  Fig. 
34^  ra,  in  Fig.  35,  r^,  in  Fig.  36,  r^ ;  then 

A  =  Fvf,    G-Fr^    E=  Fu,    and    J=  Fr^ 

If  also,  instead  of  the  annular  space  behind  the  feed  piston 
in  Fig.  33,  we  suppose  a  cylindrical  space  of  equal  volume,  whose 
lengili  is  (,  we  have 

B  =  Fb    and    6  =  ^. 

F 

If  in  Fig.  34  the  distance  of  the  feed  piston  from  the  fire-box 
is  fii,  in  Fig.  36,  n,  in  Fig.  36,  o,  we  can  put 

B  =  Fb;  D=^Fm-^Fb:={b'¥m)F;  H=(b  +  n)F 
jr=  (6  +  o)F. 

Substituting  these  values  in  (7),  (9),  (11),  and  (12),  we  obtaim 
the  following  formulie : 


Pi  _       r,Tt  +  bTt  (J. 
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y^  r4^,  +  (6  +  n)7; ^''^• 

Pt  ^       nTt  +  IT,  .^ 

p  ""  r,7;  +  (6  +  o)7; ^^' 

According  to  Boetins  we  hare  for  a  one  horse-power  calorio 
engine, 

0  =  stroke  of  feed  piston  =  0.418  meters. 

1  =  stroke  of  working  piston  =  0.22  meters. 

r,  =  0.275  meters.    m  =  0.054 

rg  =  0.180     "  n  =  0.209 

r4  =  0.063     "  r5  =  0.025 

jP  =  0.165  square  meters. 

Farther,  B=^Fb  =  0.2  of  the  entire  space  Fa. 
Hence 

i^  =  0.2  X  0.165  X  0.418  =  0.013794  cubic  meters, 
and 

b  =  0.0836  meters. 

If  we  assume  that  the  cold  air  between  the  pistons  preserves 
in  all  positions  the  constant  absolute  temperature  7\  =  273  + 10 
=  283°,  and  the  hot  air  behind  the  feed  piston  has  the  temper- 
ature always  of  ?J  =  273  +  300  =  573°,  we  haye  fipm  (o),  (6), 
(c),  etc.,  the  following  results : 

0.165  X  10334  /0.275      0.0836\ 
29.272       \  283   "^    573  / 
or 

O  =  0.06524  kilograms. 

The  weight  of  cold  air  drawn  in  at  each  stroke  is 

'     BTi      BTi  29.272  x  283  ^ 

Since  the  machine  made  45  revolutions  in  one  minute,  the 

45 
weight  of  air  used  per  second  is  kt;  x  0.0565  =  0.0424  kilograma 

Also  from  (&)  we  obtain 

Pi  _       0.275  X  573  +  0.0836  x  288       _  181.064  _ .,  ^g. 
p  ~  ai80  X  673  +  (0.0836  +  0.054)  283  ~  141.911  ~ 


0  = 
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Prom  (c) 

ft_ 18L064 181.064 _ ^  ^^^ 

p  "■  0.063  X  573  +  (0.0836  +  0.209)  283  "*  118.735 ""  ^^^' 

From  (d) 
ft 181.064  _  181.064 


p      0.025  X  573  +  (0.0836  +  0.418)  283  "  156.108 


=  1.160. 


Let  ns  now  find  the  delivery  of  the  engine  under  the  assump- 
tion, which  is  in  fact  yery  nearly  correct,  that  the  tension  varies 
as  the  ordinates  to  a  straight  line. 

In  Fig.  34,  the  working  piston  has  its  extreme  position  on  the 
left  The  air  behind  it  has  a  tension  of  1.276  atmospheres,  or 
is  0.276  atmospheres  in  excess  of  the  oater*air  pressure. 

In  Fig.  35,  the  maximum  tension  is  1.525,  or  0.526  atmos- 
pheres in  excess  of  the  outer  air. 

The  mean  effective  pressure  upon  the  working  piston,  while 
passing  from  the  position  in  Fig.  34  to  that  in  Fig.  35,  is,  if  the 

.     ^    , ,         ,.     .     .        X    •  VAT      0.276  +  0.525 
pressure  vanes  as  the  ordinates  to  a  straight  Ime, ^ 

=  0.4005  atmospheres.  Since  the  distance  passed  through  by 
the  working  piston  is  0.038  meters,  we  have  for  the  work  per- 
formed 

0.4005  X  10334  x  0.165  x  0.038  =  25.983  meter-kilograms. 

Since  the  effective  pressure  in  Fig.  36,  is  1.16  —  1  =  0.160 
atmospheres,  we  have  for  the  mean  pressure,  while  the  work- 
ing piston  moves  from  the  position  in  Fig.  35  to  that  in  Fig. 

36,  — ^ — - —  =  0.343  atmospheres.    The  distance  passed 

through  is  0.172  meters,  and  hence  the  work  done  is 

0.343  X  10334  x  0.165  x  0.172  =  100.594  meter-kilograms. 

The  total  work  is  therefore 

26.983  +  100.694  =  126.677  meter-kilograms. 

From  this  we  must  subtract  the  work  done  in  compressing 
the  air,  which  compression  commences  at  the  position  of  Fig. 
33  and  lasts  to  Fig.  84    The  final  pressure  is  0.276  effective. 
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and  hence  the  mean  pressure  is  -^ — ,  and  the  work  done  is 

^^  X  10334  X  0.165  x  0.041  =  9.668  meW-kilog^ams. 

Henoe  the  effective  work  done  per  revolution  is 

126.577  -  9.668  =  116.909  meter-kilograms. 

and  the  work  per  second,  since  there  are  45  revolutions  per 
minute,  is 

~  X  116.909  =  I  X  116.909  =  87.682  meter-kilograms. 

According  to  experiment,  about  60  per  cent  of  the  theoretical 
work  is  expended  in  overcoming  friction,  etc.,  so  that  only  40 
per  ceni  remains  effective.    The  effective  delivery  therefore  is 

87.682  X  0.40  =  35.07  meter-kilograms  per  second. 

We  see  then  that  an  Ericsson  engine  which  is  rated  at  one 
horse  power,  gives  in  reality  a  mechanical  effect  of  not  quite 
one-half  of  one  horse  power. 

In  place  of  the  preceding  lengthy  calcidations,  we  may  make 

use  of  Equation  XXXUL,  by  using  the  expansion  ratio  —  = 

1.28,  and  multiplying  the  result  by  the  weight  of  air  acting  per 
second.  In  that  equation,  ^  and  t%  are  the  highest  and  lowest 
temperatures,  and  we  have 

L  =  2.3026  i?(?  (^1  -  U)  log  1.2a 
L  =  67.4017  G  (h  -  ti)  log  L2a 

Since  log  1.28  =  0.1072,  we  have 

Z  =  7.2256(^-^)(?. 

If  the  temperature  ^  of  the  outside  air  is  10"^,  and  the  highest 
temperature  is  ^i  =  300°,  we  have  ^i  —  ^  =  290°.  Since  now  the 
air  drawn  in  per  second  is  O  =  0.0424  kilograms,  we  have 

L  =  7.2255  X  290  x  0.0424  =  88.84  meter-kilograms; 
a  value  very  closely  agreeing  with  the  above. 
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n.  OPEN  HOT-AIR  ENGINES  WITH  INCLOSED  FIREPLACB.— THE 
HOT  AIR,  AS  BEFORE,  IS  EXPELLED  INTO  THE  AIR. 

In  the  machine  akeady  described,  air  is  necessary  for  com- 
bustion of  the  fuel  as  well  as  for  the  action  of  the  engine.  The 
air  of  combustion  serves  only  to  heat  the  air  in  the  cylinder, 
without  coming  into  direct  contact  with  it.  The  fire  is  ''  ex- 
terior'' A  large  part  of  the  heat  of  combustion  is  thus  lost 
As  the  hot  air  is  expelled  into  the  air  after  performing  its  work, 
the  engine  is  ^^opef/u'*  It  is  then  an  "open"  engine  with  "ex- 
terior" fire. 

To  ayoid  loss  of  heat,  the  air  of  combustion  and  the  gases  of 
combustion  may  be  used  directly  in  the  working  cylinder,  in* 
stead  of  only  giving  up  a  portion  of  their  heat  to  the  working 
air.  We  have  then  "iTUerior  "  fire,  and  as  the  gases  are  expelled 
after  working,  the  engine  is  still  ^'operu" 

In  the  "  open "  engine  then,  with  interior  fire,  the  air  is  first 
compressed  to  a  certain  degree.  It  then  passes  into  an  in- 
closed fireplace  where  its  tension  is  of  course  still  further 
increased,  and  then,  together  with  the  products  of  combustion, 
it  passes  into  the  working  cylinder  and  acts  directly  upon  the 
working  piston.  Such  an  engine  must  evidently  be  an  "  open " 
one,  in  order  to  allow  the  products  of  combustion  to  escape. 

When  the  air  comes  in  contact  with  the  fuel,  a  part  of  its 
oxygen  unites  with  the  elements  of  the  fuel  to  form  carbonic 
acid  gas,  carbonic  oxide  gas  and  water.  These  products  of 
combustion  together  with  the  heated  air  remaining  uncom- 
bined,  pass  into  the  working  cylinder.  It  is  evident  that  the 
heat  of  the  fuel  is  thus  much  better  utilized.  The  gases  of 
combustion  have  little  or  no  injurious  e£fect  upon  the  piston 
or  cylinder  walls,  and  as  the  air  enters  the  fire-box  at  a  greater 
pressure  than  that  of  the  atmosphere,  the  combustion  is  very 
rapid.  It  is  difficult  however  to  prevent  particles  of  coal,  soot, 
and  ashes  from  being  carried  into  the  working  cylinder  and 
injuring  the  working  parts. 

A  description  of  a  large  engine  of  this  kind  will  be  found  in 
Dingler*8  Pdytechniachea  Journal^  Band  CLXXXV.,  Heft  &  It 
was  designed  by  the  engineer  Mazeline,  and  runs  a  paper-milL 
The  principal  parts  are  represented  in  Fig.  37.    D  is  the  work- 
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^ 


ing  cylinder,  with  tlie  piston  A  and  piston  rod  P.  This  cyl- 
inder is  surrounded  by  another  of  somewhat  greater  diame- 
ter, and  the  cold  air  com- 
ing from  the  feed  cylin- 
der F  passes  through  the 
annular  space  between, 
and  is  thus  warmed  while 
keeping  the  working  cyl- 
inder D  tolerably  cooL 
The  feed  cylinder  has  the 
piston  Fi  and  two  pair  of 
valves  a,  a,  and  &,  6,  of 
which  the  first  allow  air 
to  be  drawn  in  at  every 
stroke,  and  the  others  ad- 
mit the  compressed  air  to 
the  jacket  of  the  working 
cylinder.  After  the  air 
is  here  warmed  and  has 
thus  abstracted  heat  from 
the  working  cylinder,  it 
passes  through  the  pipe 
A2A2  indicated  by  dotted 
lines,  into  an  inclosed  fire- 
place AAy  which  is  sim- 
ply indicated  in  Fig.  37. 

This  consists  of  an  iron 
cylinder  inclosing  another 
of  fire-brick,  in  which  is  the  grate  and  fire  space.  Above  the 
grate  is  a  funnel  closed  above,  air  tight,  by  an  iron  cover.  In 
this  is  a  cock  which  when  turned  by  special  mechanism,  allows 
the  fuel  to  be  uniformly  spread  over  the  grate.  There  is  also 
an  arrangement  for  stirring  and  shaking  the  grate. 

After  the  air  is  heated  by  the  fire,  and  its  tension  thus  greatly 
increased,  it  passes,  together  with  the  products  of  combustion, 
through  the  space  between  the  fire-brick  and  the  iron  cylinder, 
through  pipe  ^i,  to  the  working  cylinder  2),  where  it  is  ad- 
mitted, as  shown  in  Fig.  37,  above  and  below  the  piston  by  the 
slide  88^  precisely  as  in  the  case  of  a  steam  engine.  In  the 
actual  engine,  valves  are  used. 


Fia.  87. 
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The  piston  rod  P  is  attached  to  the  connecting  rod  Q  which 
works  the  crank  of  the  main  shaft  This  latter  works  the  con- 
necting rod  and  piston  of  the  feed  or  air  pnmp  F,  Hj  H^ .  .  . 
are  supporting  pillars  of  the  frame,  which  carry  the  cylinders 
and  the  guides  for  the  cross-heads  of  the  connecting  rods. 
Upon  the  main  shaft  we  have  also  the  fly-wheel  F. 

The  working  cylinder  has  a  diameter  of  1.40  meters  and  a 
stroke  of  1.50  meters.  The  diameter  of  the  feed  cylinder  is  1 
meter,  and  the  stroke  the  same  as  that  of  the  working  pis- 
ton, or  1.50  meters.  The  cross-section  of  the  latter  is  there- 
lore 

7t  X  1.40  X  1.40      -  -oQ^ 
J =  1.0OO0  sq.  m. 

snd  its  volume 

1.5386  X  L60  =  2.309  cub.  m. 

while  the  cross-section  of  the  feed  cylinder  is 

TT  X  1.00  X  1.00        ^  -ori 

7 =  0.7854  sq.  nu 

and  its  Tolume 

0.7854  X  1.50  =  1.178  cub.  m. 

The  volume  of  the  latter  is  therefore  only  little  more  than 
half  of  the  former. 

The  pistons  and  piston  rods  are  kept  lubricated  by  a  special 
arrangement  with  soap-water,  as  oil  or  other  fatty  matter  would 
be  decomposed  by  the  high  temperature  of  the  air  in  the  work- 
ing cylinder. 

In  order  to  set  the  engine  in  action,  a  special  reservoir  of 
compressed  air  is  required,  from  which  air  is  admitted  to  the 
feed  cylinder.  In  the  engine  described,  a  turbine,  which  is  also 
used  in  the  same  mill,  is  made  use  of  for  starting. 

The  action  of  the  engine  is  now  as  follows : 

The  air  drawn  into  the  feed  cylinder  by  the  first  stroke  is  by 
the  next  stroke  at  first  compressed.  This  compression  is  of 
course  adiabatic,  since  no  heat  is  imparted  or  abstracted  dur- 
ing the  compression.  After  compression  to  a  certain  point, 
and  after  the  air  has  thus  been  heated  by  the  compression  to  a 
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certain  temperature^  the  proper  valve  opens  and  allows  the 
compressed  air  to  pass  ronnd'the  working  cylinder  to  the  fire- 
place. From  this  point  the  pressure  in  the  feed  pump  is  con- 
stant, and  the  valve  remains  open  until  all  the  compressed  air 
has  been  forced  into  the  fireplace.  As  soon  as  the  first  air 
particles  enter  the  fireplace  they  occupy  a  larger  space,  and 
hence  the  working  piston  begins  its  stroke.  Neglecting  the 
resistances  in  the  conducting  pipes,  this  is  moved  by  the  same 
pressure  as  that  in  the  feed  cylinder  itseU.  The  working  pis- 
ton then  begins  its  stroke  when  the  compression  in  the  feed 
cylinder  attains  its  maximum,  or  what  is  the  same  thing,  when 
the  valve  is  forced  open.  The  pressure  in  the  working  cylinder 
also  remains  constant  until  the  feed  piston  has  completed  its 
stroke.  From  this  point  on,  the  working  piston  is  driven  by 
the  expansion  of  the  heated  air,  whose  pressure  at  the  end  of 
the  stroke  must  be  about  one  atmosphere.  This  expansion  is 
also  adiabatic  As  soon  as  the  working  piston  has  completed 
its  stroke,  the  second  stroke  of  the  feed  pump  compresses  the 
previously  sucked-in  air  before  it,  then  the  other  pressure  valve 
opens,  the  air  enters  the  fireplace,  and  so  on. 

In  this  engine,  which  has  been  examined  by  Tresca,  of  the 
Conservatoire  des  Aiis  et  Metiers,  the  maximum  pressure  of  the 
air  in  the  feed  cylinder  was  1.94  atmospheres,  and  the  com- 
pression lasted  up  to  about  one  half  (0.515)  of  the  entire  stroke. 
The  maximum  pressure  in  the  working  cylinder,  on  the  other 
hand,  was  only  1.68  atmospheres,  which  is  to  be  attributed  to 
the  fact  that  the  pipes  conducting  the  air  from  the  feed  pump 
to  the  furnace  were  too  narrow.  At  0.611  of  the  stroke  expan- 
sion began,  and  the  pressure  fell  gradually  to  the  end  of  the 
stroke,  where  it  was  only  1  atmosphere. 

We  see  from  the  preceding,  that  the  maximum  pressure  in 
this  engine  exceeds  that  in  Ericsson's  only  by  a  small  amount, 
although  according  to  the  views  of  the  constructor,  it  should 
be  5  to  7  atmospheres.  This  pressure  was  most  probably  not 
attained,  because  the  resistances  of  the  driven  machines,  re- 
duced to  the  circumference  of  the  crank  circle,  were  not  great 
enough.  Certainly  the  engine  could  have  produced  a  greater 
effect  than  it  did  during  the  experiments. 
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IIL  CLOSED  HOT-AIR  ENGINE  WITH  EXTERIOR  FIRE. 

The  hot-air  engine  may  be  also  ''  closed,"  in  which  case  the 
same  air  acts  over  and  over.  Thus  the  air,  after  acting  upon 
the  working  piston,  instead  of  being  discharged  into  the  atmos- 
phere, is  cooled  down  to  its  original  temperature,  and  then  used 
over.  Such  an  engine  must  necessarily  have  "  exterior "  fire. 
It  is  analogous  to  a  steam  engine  with  surface  condenser,  in 
which  the  condensed  steam  enters  the  boiler  again,  and  is  used 
over.  To  this  class  belong  the  engines  of  Laubereau  and  of 
Lehmann,  which  will  be  discussed  hereafter.  We  may  also  con- 
sider the  Belou  engine  as  of  this  class.  It  is  at  least  converted 
into  such,  when  we  conduct  the  stUl  warm  air  which  departs  at 
each  stroke  from  the  working  cylinder  through  a  pipe  sur- 
rounded by  water,  where  it  cools  down  to  its  original  tempera- 
ture before  it  enters  the  feed  cylinder  again. 

Open  hot-air  engines  are  analogous  to  non-condensing  steam 
engines.     The  air  is  discharged  and  a  fresh  supply  taken  in. 


CHAPTEE  IX. 

THEOBT  OF  THOSE  OPEN  AND  CLOSED  HOT-AIB  ENGIKES,  IK  WHICH, 
DUBIKG  EACH  PERIOD,  THE  AIB  GOES  THBOUOH  A  SIMPLE  BE- 
YEBSIBLE  CTGLE  PROCESS. 

We  shall  now  give  the  general  theory  for  all  hot-air  engines, 
whether  open  or  closed,  provided  only,  that  in  each  period  the 
air  goes  through  a  complete  reyersible  cycle  procesa 

There  are  closed  engines,  such  as  those  of  Laubereau  and 
Lehmann,  in  which  only  a  part  of  the  air  is  compressed  or 
rarefied,  while  another  part  is  in  another  condition.  To  snch 
engines  the  formulas  which  we  are  about  to  deduce  are  not 
applicable.  For  all  others  in  which  the  entire  volume  of  air  is 
either  compressed  or  rarefied,  our  discussion  holds  good. 

Let  the  area  of  the  piston  in  the  feed  cylinder  be  /,  and  H 
the  length  of  stroke.  Then  the  volume  of  air  drawn  in  per 
stroke  is/IL 

If  Hs  the  temperature  of  this  volume,  measured  by  the  Cen- 
tigrade thermometer,  and  T  the  absolute  temperature,  then 
the  weight  is 

where  p  is  the  tension. 

Let  this  weight  of  air  be  forced  at  every  stroke  into  the  hot 
space,  and  then  with  an  increased  volume,  due  to  the  heating, 
enter  the  working  cylinder  and  drive  the  piston  there  with 
constant  pressure  through  a  certain  distance,  and  then  act 
expansively  for  the  rest  of  the  way.  If  the  engine  is  open  it 
is  then  discharged  with  tolerably  high  temperature  into  the 
air.  If  the  engine  is  closed  heat  is  abstracted,  until  its  tem- 
perature is  the  same  as  its  original  temperature,  at  the  begin- 
ning of  the  cycle  process. 

Let  the  air  in  the  feed  cylinder  be  compressed  until  its  ten- 
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sion  is  Pit  and  its  temperature  therefore  rises  from  T  to  Ti*. 
We  haye  then,  from  Equations  XXIa  and  XXIb, 

or 

2'i  =  ^(f-)'"" (2). 

If  T,p  BXidpi  are  known,  Ti  can  be  found. 

Now  the  work  L,  which  must  be  performed  in  raising  1  kilo- 
gram of  air  by  compression  from  the  temperature  jT  to  T^  is 
by  Equation  XXUJb^ 

thezefoie  the  work  necessary  to  raise  Q  kilc^rams  from  T  to 


L,  =  ^(t,-t)g (3). 


As  soon  as  the  air  in  the  feed  pnmp  has  reached  the  tension 
Pi,  the  yalves  open,  and  the  compressed  air  is  gradually  forced 
into  the  heating  apparatus.  Here  it  receives  the  temperature 
Tt,  at  which,  under  tolerably  constant  pressure  pi,  it  moves 
this  working  piston  until  the  entire  amount  of  compressed  air 
has  been  heated,  and  has  passed  into  the  working  cylinder. 
Then,  as  already  described,  the  air  acts  expansively  during  the 
rest  of  the  way,  until  its  pressure  pi  has  sunk  to  p. 

The  work  L^  performed  by  the  feed  pump  in  forcing  the 
compressed  air  into  the  heating  apparatus,  is,  if  ^i  is  that  por- 
tion of  its  stroke  during  which  the  air  is  forced  out : 

The  weight  of  air  is  then  also  given  by 

henoe  we  have 

^^  L,  =  BT,G (4). 
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Now,  whUe  the  feed  piston  is  compressing  the  air  and  foroisg 
it  out,  the  atmosphere  helps  it,  and  its  work  is 

But  since  O  =   jyrp  >  ^o  l^ave 

A  =  RTG (5). 

Hence  we  have  for  the  work  performed  by  the  feed  piston 
per  stroke 

A  +  Zs-A=(?^-|  +  i?)(7;--70  .    •    (6)- 

Since  c,  A  and  R  are  constant,  we  see  that  the  work  is  greater, 
the  greater  7^i,  or  the  more  the  air  is  compressed,  the  greater 
G^  and  the  less  7! 

Now  let  us  determine  the  work  which  the  hot  air  perfonna 
in  the  working  cylinder. 

The  working  piston,  acted  upon  by  the  constant  pressure^ 
passes  through  the  distance  H^. 

If  F  is  the  area  of  the  working  piston,  we  have  the  work 
done 

But  we  also  have 

hence 

L^^RT^G (7). 

During  the  expansion,  the  pressure  p^  sinks  to  p^  and  the 
temperature  T^io  T^.  Since  p^y  p  and  T^  may  be  considered  as 
known,  T^  is  given  by  the  equation 


aSMT 


or 

cnof 


''• = ^'  (f; 


\  o.nOT 


Accordingly  the  work  during  expansion  is 


L,=-j{T,-T^G. (9). 
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The  overcoming  of  the  atmospheric  pressnre  p  through  the 
distance  H\b 

U  =  FHp. 
But  since 

we  have 

L,  =  liT,G (10). 

The  effective  work  of  the  hot  air  in  the  working  cylinder  is 
therefore 

A  +  A-A=<?(3  +  i2)(75-^8).   .    (11). 

This  is  greater,  the  greater  G  and  T2  and  the  less  TV  If  ^0 
subtract  (6)  from  (11),  we  have  for  the  efTective  delivery  per 
stroke 

L  =  0(^  +  Ji)(T,-T,-Tr  +  T).    .    (12). 

This  very  simple  formula  shows  that  the  delivery  Jj  of  a  hot-air 
engine,  whether  open  or  dosed,  in  which  the  air  makes  a  reversible 
cyde  process,  dqxnds  upon  the  temperatures  in  the  engine  and  upon 
the  weight  of  air  G.    This  weight  of  air  is,  from  (1) 

and  hence  for  the  same  pressure  p  and  temperature  7i,  is 
greater,  the  greater  /ff,  or  the  contents  of  the  feed  pump.  It 
increases  also  with  the  tension  p  of  the  air  drawn  in.  If  the 
atmospheric  pressure  were  3, 4,  or  5  times  greater  than  it  really 
is,  then  for  the  same  cylinder  volume  the  delivery  of  the 
machine  would  be  3,  4,  or  5  times  greater,  and  inversely,  for 
the  same  delivery  the  volume  of  the  feed  pump,  and  hence  of 
the  working  cylinder,  can  be  3,  4,  and  5  times  smaller.  In  the 
dosed  engine  we  may  generate  such  an  artificial  pressure.  We 
have  only  to  compress  the  air  in  the  feed  pump  to  the  required 
degree  before  starting,  and  by  the  completion  of  the  cycle  pro- 
cess bring  it  back  to  this  condition.  In  the  open  engine  this  is 
not  possible.  For  this  reason  it  would  seem  that  the  hot-air 
engine  of  the  future  must  be  of  this  kind,  viz.,  dosed 
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We  shall  dot  illnstrate  the  foregoing  considerations  and  cal- 
culations grapHoallj,    ' 

Let  Oa,  Fig.  38, 
L,be  ihe  Tolnine  of 
air  drawn  in  per 
stroke  by  tiie  feed 
pomp,  of  preBsore 
P  and  temperature 
'  T.    Let  this  toI- 

nme  be  compress- 
ed adiabaticall; 
from  i  to  c,  the 
preBBOie  rising  to 
j>i  and  the  tern- 
peratore  to  71- 
When  the  press- 
ore  pi  is  reached, 
ihe  valve  opens 
and  the  air  is 
forced  out  nnder 
constant  pressure 
Pi.  The  work  per- 
formed daring  this 
operation  is  evi- 
.  dentl;    given    by 

the  area  ahcdO. 
But  the  onter  air 
has  performed  the 
work  oftcO.  Hence 
the  shaded  area 
hcde  gives  Uie  work 
''"■  *■  of  the  feed  pomp 

in  compressing  the  air  and  forcing  it  ont  into  the  heating 
apparatus. 

Li  the  heating  apparatus  the  temperature  rises  to  T^  and  the 
volume  is  increased.  The  increased  volume  ia  given  by  fg  in 
Fig.  38,  n.  As  soon  as  this  volume  is  reached,  the  air  expands 
adiabatically  from  g  io  h  and  its  volume  is  now  Oi.  During 
expansion  the  pressure  p\  sinks  to^,  and  the  absolute  temper- 
ature Ty  to  TV    The  entire  work  performed  by  the  working 
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piston  is  given  by  the  area  fghiO.  Bnt  this  piston  has  had 
to  oTercome  the  pressure  of  the  atmosphere  p^  which  requires 
the  work  JMO.  Hence  the  shaded  area  fghl  gives  the  efifect- 
ive  work  of  the  working  piston.  If  from  this  we  subtract  the 
work  of  the  feed  piston,  we  obtain  the  effective  work  of  the 
machine,  or  that  work,  part  of  which  goes  to  useful  effect  and 
part  to  overcome  the  prejudicial  resistances.  This  work  is  then 
given  by  the  shaded  area  T^T^T^T  (HL),  inclosed  by  two  adia- 
batics  and  two  straight  lines.  In  Chapter  YL  the  cycle  pro- 
cess consisted  of  two  adiabatics  and  two  isothermals.  But 
there,  during  expansion  the  air  sank  to  its  original  temperature, 
while  here  it  sinks  only  to  a  higher  temperature  TV 

Let  us  now  deduce  formulae  for  the  dimensions  of  the  hot- 
air  engine. 

If  we  substitute  in  (12)  p^  in  place  of  0^  we  have 


or 


£  =^ (^  +  l)(r,-  T,-  T,  +  T). 
Since,  according  to  Equation  VJJL., 

and  hence 

L  =  3.439 :^(r, -  T^- T^+  T). 

11  the  eiif;ine  makes  n  strokes  per  minute,  the  delivery  per 
second  is 

L.  =3.439  ^ .  A  (Tj-  t;  -  t;  +  T). 
The  delivery  in  horse  powers,  is  then 
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where  p  is  the  fttmospheric  pressure  in  kilograms  per  square 
meter.    If  ji  is  giyen  in  atmospheres 

or 

N  =  7.8972  :^^^  ( Tt-  TJ-  71  +  T)  horse  powers.     (XIHL) 

If  we  consider  N  as  giyen,  we  have  for  the  volume  FHol  the 
working  cylinder 

T  N 
^^  =  7.8972pn  {T^-T,-T^+T)  '^^^'^  °'^*^"-  '   ^^^^'^ 

Hence  we  see  that  the  contents  of  the  working  cylinder  are 
not  only  less  as  the  pressure  p  increases^  but  also  the  greater 
the  number  of  reyolutions. 

Let  us  now  determine  the  relation  between  the  area  of  the 
working  and  feed  pistons. 

The  weight  O  of  air  drawn  into  the  feed  cylinder  at  eveiy 
stroke,  of  T*  temperature  and^  atmospheres'  pressure,  is 

This  same  weight  of  air  fills,  after  expansion,  the  entire  work- 
ing cylinder.     Hence  we  have 

If  the  two  weights  are  equal,  we  have 


^  =  ^»     or  /  =  ^|     .    .    .    (XLY.) 


We  have  also 


henoe 


Q-fESl    and    Q - ^^'^ 
C/_  ^^^      and    t'-^g^f-. 

j=^^    or  f=F^^. 


HOT-AIR  ENGINE  WITH  COMPLETE  OTOLE  PB0CE8S.     247 


Since/  is  the  same  in  both  cases. 


or 


?,=  ?i    or    T2:Ti::T,:T, 

71  X  T=:  Tt  X  Ti.    .    .    .    (XLYE.) 


Since  7a  is  the  highest,  and  T  the  lowest  temperature  of  the 
air  daring  the  process,  and  T^  and  7\  are  the  intermediate  tem- 
peratures, we  haye  the  important  principle, — when  a  given  quan- 
tUy  of  air  goes  through  a  cyde  of  the  hind  in  question^  the  product 
of  the  eoctreme  temperatures  is  equal  to  the  product  of  the  interme- 
diate temperaiures. 

In  deducing  this  principle,  we  have  assumed  that  the  air  is 
compressed  in  the  feed  cylinder,  and  forced  into  the  heating 
apparatus  under  the  constant  pressure  jpi,  and  that  the  heated 
air  drives  the  working  piston  with  the  same  pressure  pi  through 
the  distance  Hi.  In  short,  that  the  air  is  heated  under  6on- 
stant  pressure.  Bj  the  aid  of  the  higher  mathematics  the  cor- 
rectness of  this  principle  may  be  proved,  for  any  case  whatever, 
where  the  heating  takes  place  according  to  the  general  law, 

p^v^  =  pi"^i^  =  eta, 

if  only  the  rise  and  fall 
of  temperature  are  pro- 
portional to  the  heat  im- 
parted  or  abstracted. 
Let  us  seek  to  show  the 
correctness  of  this  by  a 
practical  example,  in 
such  a  way  that  it  will 
be  evident  that  the  same 
proof  will  hold  good  for 
every  other  special  case. 
Let  Ov  =  v,  Pig.  39, 
be  the  specific  air  vol- 
ume, its  tension  p  and 
temperature  T.  Suppose  heat  is  imparted,  and  the  air  expands 
while  performing  work  along  the  curve  TcT^  to  the  condition 
VzPtT^    Let  the  heat  thus  imparted  be  Q. 


Fxo.  89. 
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Let  ns  assume  that  the  exponent  —  has  the  value  —  2.    We 

711 

further  assume  the  volume  v%  =  {v. 
We  oan  easily  compute  the  tension  ^  since  IHIH  ^re  known. 
Suppose  T>  =  1,  p  =  L    Then  by  the  law, 

lxr'  =  |3i^^     or   ^  =  jg=  1.5625. 

If  the  absolute  temperature  T  is  273  +  100  =  373%  we  can 
easily  find  2V    Thus  by  Equation  XXXV., 


^(r 


*,-! 


or 


r,  =  373  (I)  =  373  X  1.9531  =  728.5^ 

If  more  heat  had  been  added,  until,  for  example,  the  volume 
Vi  =  |9  or  2Vy  the  tension  p^  and  temperature  T%  would  have 
been  greater. 

The  specific  heat  is 

8  = c, 

m  —  » 

or  putting  for  m,  n,  i,  and  c  their  special  values, 

«  =  ^'f^^i^l,?  0.16847  =  0.191& 

i  —  (-A) 

Let  us  pass  through  the  point  iZa,  determined  by  t^  =  ft;  and 
p^  =  1.5625p,  an  adiabatic  curve,  which  we  shall  call  the  adia- 
batic  curve  of  the  point  TV  We  may  construct  this  curve  from 
the  formula 

P%V2^  =  PiVf  =  |)4t74*i  eta, 

by  substituting  various  values  for  v^  tT4,  etc.,  and  finding  the 
corresponding  pressures.    In  Fig.  39,  this  curve  is  T^TtTTi. 

Now  let  us  suppose  the  air  of  volume  v%  and  pressure  p%  and 
absolute  temperature  T^y  to  expand  adiabatically  until  its 
pressure  falls  to  p^  which  we  may  suppose,  for  example,  to  be 
= ji.    We  can  then  easily  find  the  volume  Vs  and  temperature 
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T^  which  the  air  possesses  after  expansion.    (We  might  have 
supposed  v^  given,  and  then  found  j?^  and  T^) 
We  find  jps  from  the  equation 

or 

1.6626  (J)^  =1  X  v^^^  or  log  1.6626  +  141  log  {  =  1.41  logVa, 

henoe 

Vs  =  1.7156. 

As  soon  as  we  know  v^^  we  can  find  Tg  from  the  formula 

1.26  y^ 


7155/ 


T.  =  469.8^ 


During  expansion,  therefore,  the  absolute  temperature  sinks 
from  72a5  to  469.8^ 

Let  now  the  air  of  volume  v^  and  pressure  p^  and  absolute 
temperature  T^  be  compressed  to  the  volume  of  Vxy  pressure  pu 
and  temperature  jTi,  such  that  the  point  7i  lies  on  the  adia- 
batic  through  T^  and  let  this  compression  take  place  aowrding 
to  the  same  law  as  the  expansion.  It  is  evident  that  a  certain 
quantity  of  heat  must  be  abstracted,  in  precisely  the  same 
manner  as  before  heat  was  imparted.  That  there  is  abstraction 
of  heat  and  expenditure  of  work,  is  seen  from  the  curve  T^aTi 
approaching  the  axis  from  above  from  right  to  left. 

Let  us  determine  now  the  pressure  pi,  the  volume  Vu  and  the 
temperature  Ti  of  the  air  when  it  reaches  the  adiabatic  ToTi, 

We  have  for  the  curve  T^aTt 

and  for  ToTi 

pv^^PiVf (2), 

From  (2)  we  have 


^=-p(|) 


and  putting  this  value  in  (1) 


-1  «••*  .41        J»^*^t 
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If  in  OUT  special  case,  p^  =i>  =  1  and  v  =^1  and  v^  =  L7156 

ri««  =  (1.715V  =  2.743    or    t'l  =  1.3725. 
Since  now  we  know  v^  and  ti  we  can  find  7i.    Thus 

-8  ,t   rfttftfK—Z 


T,~\Dx/      ~  \i.3726/ 


or 

r,  =  240.2°. 

Thus  the  absolute  temperatures  are 

373,    728.5,    469.8,    240.2. 
Hence 

§  =  ^28^=1.95    and     C^  =  g^=1.95, 
T       373  Ti      240.2  * 

or 

This  is  the  same  result  which  we  have  already  obtained  for 
heat  addition  and  subtraction  according  to  a  straight  line  or 
according  to  the  law 

The  heat  Q  imparted  on  the  path  TcT%  is 

0.1916  (728.5  -  373), 
or  generally 

8{T2-  r)  heat  units. 

The  heat  abstracted  on  the  path  T^Tx ,  is 

Qx  =  0.1916  (469.8  -  240.2), 

or  generally 

8{T^-  Ti)  heat  units. 

Since  now  from  the  proportion 

1^  m   J.    .  .    ^8  •    -til 

we  have 
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we  at  once  obtain 

8{Ti-  T)  :«(r8-  71)  ::  T:  71, 
that  is 

Which  is  the  same  principle  proved  in  Chapter  Y.,  with  iso- 
thermal UneB  and  adiabatica    We  should  obtain  the  same  re- 

snlt  if  we  take  —  equal  to  —  3,  —  4,  —  5,  or  generally  equal  to 

any  number,  positive  or  negative,  whole  or  fractional. 

It  is  now  easy  to  determine  the  points  T'  or  7i  in  which  the 
isothermal  lines  TdT  and  T^Ti  intersect  the  adiabatic  line 

To  determine  the  point  7^  we  have 

po  =  qw. (1). 

and 

PiV^  =  qio^ (2). 

From  (1)  we  find  j  =  ^ ,  and  inserting  this  in  (2) 

po 
Thus  in  the  case  of  our  special  example, 

vP^  =  1.6625  ^ly**'  or    ii;  =  6.384, 
Vf  of  course,  being  L    We  have  also 

whenj>  =  l. 
In  like  manner  for  Wi  we  have 

^^^P^    and    q,^P^. 

If,  then,  in  any  closed  or  open  hot-air  engine,  in  which  the 
air  makes  a  reversible  cycle,  the  air  compressed  in  the  feed 
cylinder  is  not  heated  under  constant  pressure ;  whatever  may 
be  the  law  of  heating — ^whether  under  constant  volume^  as  in 
Sterling's  engine,  or  according  to  any  law,  aapivr^  =  jp^;~^  as 
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shown  by  the  curve  TcT^  in  the  Figure — the  product  cf  the  two 
extreme  temperatures  is  always  equal  to  the  product  of  (he  meanj  if 
heal  18  abstracted  according  to  the  same  law  as  it  is  imparted. 

The  formulsB  which  we  have  deyeloped  thus  far,  therefore, 
apply  to  all  kinds  of  open  and  closed  hot-air  engines,  provided 
that  in  the  latter  the  expansion  is  such  that  by  the  subsequent 
compression  and  cooling,  the  air  returns  to  its  original  condi- 
tion ;  and  provided  that  in  the  former  the  air  escapes  into  the 
atmosphere  under  the  assumed  conditions. 

Trans/ormalion  of  our  Formuloe. — Since  in  the  formula  al- 
ready deduced 

1  c 

we  may  put  j—^  i^  place  of  -j^ ,  the  equation  can  be  written 

Now  cfe  (7^2  —  ^i)  is  the  amount  of  heat  added,  and  cfc  (7i  —  T) 
that  abstracted — in  case  of  an  open  engine,  that  which  is  given 
up  to  the  air.  Also  ck  is  the  specific  heat  tovcoTistant  pressure, 
or  for  the  law 

p^=pvi^^eto. 

But,  as  we  have  seen,  our  formulse  also  apply  when  the  change 
of  volume  and  pressure  is  given  generally  by 

p^^  =p{^v^  =  etc 
If  «  is  the  specific  heat  generally,  we  have  then 


whereas  we  know 


mk  —  n 

«=  c 

m  —  fi 
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If  this  engine  makes  n  strokes  per  minute,  we  have  the  horse- 
power per  second 

where  p  is  the  pressnre  in  kilograms  per  square  meter. 
If  j>  is  given  in  atmospheres,  we  have 

^_  10334n  FHp8     ^      ^      ^      ^ 


or 


N=  2.296    .fj^y^  (^a -  ^1  ~  28  +  T)  horse-power.  (U.) 
Inyerselj,  the  volume  FH  of  the  working  cylinder  is 

orsmoe 

c  (A -1)  =  0.06904, 

„„  0.03007JV^T,  ,.        ^  __, 

Ifaosfrnt^m  Delivery  cf  the  Hot-Air  Engine. — ^If  it  were  possi- 
ble in  practice  to  raise  at  will  the  temperature  of  the  air  in  a 
hot-air  engine  as  high  as  we  please,  we  might  construct  such 
engines  with  smaller  dimensions  and  relatively  higher  delivery, 
and  then  probably,  since  they  are  not  liable  to  explosion,  they 
might  replace  the  steam  engine.  But  since  the  temperature  is 
practically  limited,  this  is  not  the  case. 

We  may  consider  the  extreme  temperature  to  which  the  ab 
may  be  raised,  as  about  SOO*"  C,  although  this  has  been  occa- 
sionally exceeded  by  as  much  as  30''  without  injury. 

If  we  assume,  then,  300''  as  the  maximum  temperature,  and 
farther  assume  that  the  temperature  of  the  air  on  entrance,  or 
in  case  of  a  closed  engine,  at  the  beginning  of  a  cycle,  is  0"", 
then  in  our  formula  we  have  T^  =  273  +  300  =  573  and  r  = 
273  +  0  =  273.  Now  for  the  maximum  delivery,  or  the  least 
volmne  of  cylinder  ior  given  delivery,  the  intermediate  tem- 
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peratnres  7\  and  Tz  must  have  definite  yalues.  Thus,  it  is 
clear  that  the  compression  in  the  feed-pump  cannot  be  carried 
so  far  as  to  raise  the  temperature  to  300""  C,  because  then  no 
heat  could  be  imparted  by  the  heating  apparatus,  and  there- 
fore no  mechanical  work  could  be  obtained.  Thus,  if  we  had 
Ti  =  T2,  we  would  also  have,  according  to  L.,  2'  =  T^  and  the 
expression 

!7i-  Z-Ti  +  T 

would  be  2zero.  For  the  same  reason  we  cannot  have  Ti  =  T, 
for  then  from  L.,  Tj  =  T^  and  the  aboye  sum  is  zero.  The 
value  of  Ti  must  then  lie  somewhere  between  T  and  T^  Now 
the  expression  Tz  —  T^—  Ti  +  T  will  be  a  maximum,  when 
Ti  +  T3  is  a  minimum.  Also,  the  product  of  T^  and  T^  is  con- 
stant and  equal  to  573  x  273,  or  T^  x  T.  We  can  easily  find 
then,  by  calculus,  that  7\  +  7$  is  a  minimum  when  2\  =  2V 
If  now  Ti  =  Ts,  we  have  from  L., 

T2T  =  T^  =  Ts«,  hence  71=2^1=  a/1V^=  V573 x 273 
=  395.51.  The  intermediate  temperatures  Centigrade  must 
then  be,  ^  =  ^  =  395.51  -  273  =  122.51°.  If  we  insert  these 
values  in  LII.,  we  have  for  the  volume  of  cylinder  JF'Jffwhen 
the  delivery  is  a  maximum, 

^^^021^ 

pna  ^         ' 

Inversely 

^      0.2163 ^^^'^ 

If  the  heat  is  added  or  abstracted  under  constant  pressure, 
then  8  =  0.2375  and 

i?!ff=0.9107— (IN.) 

hence 

^^0.9107 ^^^^ 

I£i  as  in  Sterling's  engine,  heat  is  imparted  or  abstracted 
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under  constant  volnme,  s  =  0.1685.  In  this  case,  the  yolnme 
at  the  end  of  expansion  is  equal  to  that  at  the  beginning  of  the 
cycle  process.  The  air 
of  Tolume  Fand  press- 
ure jp,  as  in  Fig.  40, 
is  jSrsi  compressed 
adiabatically  to  Vi  and 
Pi.  Then  the  volume 
Fi  is  heated  from  Ti  to 
T^,  and  its  pressure 
rises  from  Pi  to  p^ 
The  volume  Fi  now  ex- 
pands adiabatically  to 
its  original  volume  Fj 
the  temperature  foil- 
ing from  Tt  to  Tt,  and 
pressure  from  ^2  topu  or  for  the  maximum  delivery  Tq  falls  to 
Tt.  Finally  heat  is  abstracted  from  v  till  T^i  or  Ts  faUs  to  T, 
andjpi  top. 
If  the  heating  and  cooling  takes  place  according  to  the  law 


Fio.  40. 


we  have 


i?ivr'=i?v"' 


8  =  0.1916. 


If  in  a  Sterling  engine  the  original  volume  is/H,  we  have 
<?  =  ^^- ,  and  in  LIL  we  have  T  in  place  of  Tj. 


Hence 


Inversely 


0.08007  X  273  x^Oeg^  ^^ 

•^        pnx  0.1685  X  54.98  pn       ^ 


^=S- (^-^^ 


We  see  that  the  delivery  in  all  cases  is  greater,  and  hence 
the  final  volume  of  the  air  at  the  end  of  the  cycle  is  less,  the 
greater  the  initial  pressure  p  and  the  number  of  strokes  n  per 
minute. 
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Heai  Imparted  and  Abstracted — Consumption  of  Fud. — ^If  in 
formtila  Lb,  viz., 

we  put  AB  in^place  of  c  (ik  —  1),  we  have 
or  smoe 

L  =  ^[8{Tt-  Ti)  - a{Tt- T)'\  meter-kUograms. 

Here  Ga  {T%  —  T^  is  ihe  heat  added  to  the  air  per  stroke, 
and  &«  (T)  —  T)  is  the  heat  abstracted,  or,  if  the  engine  is  open, 
the  heat  given  np  to  the  outside  air.  If  ve  denote  the  fiist  by 
Q  and  the  second  by  Qi  we  have 

Q  =  8{Ti-T^G (LE.) 

Q,  =  8{T,-T)G (LX.) 

If  there  are  n  strokes  per  minute,  or  60n  per  hour,  the  heat 
imparted  per  hour  is 

Qk  =  60n«(^,  -  71)  G  heat  units  .    .    (LXI) 

and  that  abstracted  is 

Qi„  =  60n8{Tt-T)G.   .    .    .    (LXH) 

For  the  maximum  delivery,  T,  -  Ti  =  573  -  395.51  =  177.49 
and  r,  -  r=  395.51  -  273  =  122.51,  hence 

Q„  =  Kmd.insO  =  9509  nspFH  heat  units. 

Qu=   7350.Gn8O  =  G56SnspFS     «       ^ 

where  p  is  given  in  atmospheres. 
We  have  therefore  per  Jiorse-potoer  per  hour 

%  =  9509^^g  heat  unite. 


N  N 
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If  one  kilogram  of  coal  fumishes  7,500  heat  units,  the  corn- 
sumption  of  fuel  per  hour  for  every  horse-power  is 

Tg^-j^  kilograms, 

if  all  the  heat  is  utilized.    If,  however,  half  is  lost  by  radiation, 
the  consumption  per  horse-power  per  hour  is 

—^—kilograms   ....    (TjXTTT.) 

ExAXFLi  I. — ^What  18  the  delivery  of  a  hot-air  engine  in  which  FS=  3.800 
cable  meters,  n  =  46,  |>|  =:  1.04  atmospheres,  and  the  woridng  pressure i^t  =  1.68 
atmospheres,  when  T=  278  +  10  =  288**  ? 

According  to  XXIa  and  XKIb, 


/1.94\^«w 
3ri=288f-Y-j        =848\ 


From  experiments  npon  this  engine,  the  escaping  air  was  lonnd  to  have  a 
temperatore  i,  =  250%  or  an  absolute  temperatore  T,  =  278  +  260  =  628% 
Henoe  the  temperature  T,  in  the  working  cylinder  is 

T,  =  528  (1.68y.»«  =  608.25% 
Sobstitate  in  XUn.,  and  we  have 

^-rr  7.8972  ?^?^|-^  (608.26  -  628  -  848  +  288) 

=  40.5  horse-power. 

The  horsfr-power,  as  actually  found  by  Tresca  by  means  of  the  indicator,  was 
about  4a 

If  we  assume  that  80  per  cent,  of  this  theoretioal  delivery  is  consumed  by  frio- 
tkm,  we  should  have  0.70  x  40.5  =  28.85  effectiye  horse-power.  The  work  of  a 
steam  engine  of  the  same  dimensions  with  8  or  4  atmospheres'  pressure  would  be 
much  greater.  But  if  we  take  in  the  boiler  and  all,  the  space  occupied  is  in  favor 
of  the  hot-air  engine. 

The  weight  of  air  (?  used  per  stroke  is 

^_2^809j^l0884_  28861  _^^^^^^ 
S37  =  29.272  X  628  =15809-  ^-^  kilograms. 

The  heat  imparted  per  stroke  is  therefore  by  LIX. 

Q  =  0.28761  (608.25  -  848)  1.558  =  98.149  heat  units, 

and  the  heat  imparted  per  horse-power  per  hour  is 

08.149  X  46  X  60     270894 


40.6 40.5   =«^>^e*tunite. 


17 
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Henoe  the  ezpenditiire  of  coal  per  hour  per  hone-povm;  if  all  tlie  heat  wen 
giyen  up  to  the  air,  would  be  ^ll!2  =  0.892  kOograms.  Aoooidiiig  to  Tresca's 
experiments^  the  coDsomption  was  1.44  kilograms,  and  therefore  aboot  ^  of  the 
heat  was  lost 

The  best  steam  engines  nse  as  low  as  1,  and  at  most  2  kflipgrams  of  ooal  per 
hoar  per  effective  horse-power.  The  consomption  for  the  hot-air  engine  is  thus 
somewhat  greater  than  for  the  bed  steam  engines. 

Example  2. — ^Beqoired  to  construct  a  hot-air  engine,  so  that  the  cylinder 
Tolame,  for  a  given  delivery,  shall  be  a  minimum.  What  should  be  the  volume 
if  the  theoretical  delivery,  for  48  strokes  per  minute,  is  to  be  100  horse-power  ? 

According  to  LY.,  we  have 

FH  =  0.9107  j^^  =  ^^  =  1.9  cubic  metecs. 

A  steam  engine  working  without  expansion  or  condensation,  under  8^  atmos- 
pheres, with  48  strokes  per  minute,  would  require  only  one  cylinder  of  0.388 
cubic  meters  contents. 

If  the  cylinder  of  our  hot-air  engine  is  not  to  be  greater,  we  must  have  a 
closed  engine,  and  make  the  initial  pressure  of  the  air  somewhat  more  tiian  5 
atmospheres.  The  compression  in  the  feed  cylinder  would  then  ndse  the  press- 
ure to  about  16  atmo£(pheres.  These  are  pressures  which  certainly  can  hardly 
be  recommended  in  practice.  A  cylinder  whose  voliune  is  twice  or  three  times 
0.868  cubic  meters,  can  hardly  be  called  excessively  large,  however.  The  cylin- 
der of  the  early  condensation  engines  of  Watt  had  for  an  effective  pressure  of 
1\  atmospheres,  and  a  theoretical  delivery  of  120  horse-power,  a  volume  of  1 
cubic  meter.  To  this  was  added  the  iumiense  boiler,  which  is  wanting  in  the 
hot-air  engine. 

If  the  air  in  our  machine  is  compressed  before  admission  to  2  atmospheres, 
the  working  cylinder  for  the  same  delivery  will  need  to  be  only  half  the  siae,  or 
about  0.95  cubic  meters,  that  is,  about  8  x  0.868  cubic  meters,  and  the  pressures 
in  the  engine  will  not  be  excessive. 

From  all  this,  it  appears  that  even  such  hot-air  engines  as  have  a  thoofetical 
delivery  of  100  horse-power,  and  therefore  an  effective  power  of  50  to  60  horse- 
power, are  not  without  a  probable  future,  only  they  must  be  dosed  engines,  uihom 
initial  pressure  i>  2  or  8  cUmaspheres^  and  they  must  be  constructed  for  the  maxi- 
mum delivery.  Especially  to  be  recommended  are  smaller  engines  (8  to  20  horse- 
power), because  they -make  in  the  same  time  more  revolutions  per  minute, 
and  occupy  a  relatively  less  space  than  the  larger.  It  is  worth  noticing  that 
Zeuner,  in  his  **  Wftrme  Theorie,"  has  found  for  the  cylinder  volume  results 
double  of  those  here  given.  The  reason  is,  that  he  considers  only  single-acting 
engines.  If  in  his  formulas  we  substitute  2u  in  place  of  «,  which  denotes  the 
number  of  revolutions  per  minute,  the  results  coincide. 

Let  us  now  compute  for  our  engine  above,  of  100  horse-power,  the  volume  of 
the  feed  cylinder,  as  well  the  consumption  of  fuel,  and  the  amount  of  cooling 
water,  assuming  that  the  machine  is  closed. 

We  have  already  found 

fH=FH^  =  1.9  ??^  =  1.9  X  0.6902  =  1.811 
cubic  meters  =  the  volume  of  the  feed-pump. 
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The  amount  ol  heat  added  per  hoar  is 

mr  inaerting  numerical  values 

Qk  =  9509  X  48  X  0.2875  x  1.9  =  205851  heat  miits. 

Henoe  the  consumption  of  coal  per  hour  for  each  horse-power  is 

Qk  205861     _  n  jr^  t.,,,,^^. 

875027  =  8-750^T00  =  ^'^  kdog""-- 

Since  the  effectiye  delivery  is  perhaps  at  most  00  horse-power,  each  effectLve 
bone-power  per  hour  would  require 

-^ — 60 ~  ^'^^^  kilograms, 

or  a  less  quaniiiy  than  the  best  steam  engines. 

The  heat  abstracted  per  hour  is  found  from  the  proportion 

^  =  0509  :  6568,  or  since  Qh  =  205851 

20581  :Q,  A  =  9509:  6568,    or 
9u  =  142087  heat  units. 
If  the  cooling  water  is  heated  from  0  to  80°,  we  must  have  per  second 

142086 


8600  X  80 


=  0.498  kilograms, 


1 08 
or  in  English  weights,  about  1.08  lbs.,  or  ^-z  cubic  feet.    That  heat  is  here  not 

taken  into  account  which  is  abstracted  from  the  air  by  partial  evaporation  of 
the  water. 

The  Begenerator, — ^Let  ns  now  consider  an  apparatus  applied 
by  Eiiosson  in  his  first  caloric  engine,  which  he  calls  the  "  re- 
generator." 

In  the  engine  already  discussed,  we  saw  that  the  air  escaped 
with  a  temperature  of  260''.  It  escaped  with  almost  the  same 
temperature  from  Ericsson's  first  engine.  It  was  evidently 
desirable  to  utilize,  at  least  partially,  this  heat,  and  thus  econ- 
omize fuel  He  therefore  caused  .the  escaping  air  to  pass 
through  a  network  of  wires,  which  thus  became  heated.  The 
cold  air  drawn  in  by  the  feed-pump  then  passed  through  the 
apparatus,  and  was  thus  heated. 

Now  from  formula  22,  page  167,  we  have  seen  that  the  de- 
livery depends  especially  upon  the  weight  of  air  O.  This 
weight  depends,  however,  whether  the  air  is  compressed  or 
not,  upon  the  temperature.    The  greater  the  temperature,  the 


260  THEBMODTNAMICa. 

less,  for  equal  volnme,  the  weight  Theref ore,  under  similar  eir- 
cnmstazioeSy  the  working  cylinder  receires  a  less  weight  of  air 
and  performs  less  work.  For  the  same  deUTery  the  yolume  of 
the  working  cylinder  mnst  be  increased.  For  this  reason  the 
nse  of  the  regenerator  gave,  in  Ericsson's  first  engine,  a  less 
deliyery  than  without,  and  this  may  be  the  reason  of  its  omis- 
sion in  his  later  engine. 

If,  however,  the  yalue  of  a  hot-air  engine  is  estimated,  as  is 
proper,  by  the  ratio  of  fael  consumption  to  the  dimensions  and 
delivery,  the  nse  of  the  regenerator  is  advantageous  when  the 
engine  does  not  give  the  maximum  delivery.  If,  for  example,  the 
expansion  is  not  carried  so  far  that  the  temperature  sinks  to 
r,  =  122.5r  G,  but  only  say  to  T,  =  160°  C,  the  heat  160- 
122.51  =  37.49°  can  be  added  by  the  regenerator.  The  deliv- 
ery will  be  less  than  the  maximum,  but  in  the  same  d^ree  less 
fuel  wiU  be  needed.  .If  this  37.49°  is  lost,  not  only  will  the 
delivery  be  less  than  the  maximum,  but  also  more  fuel  will  be 
necessary.  It  follows,  then,  that  in  a  hoUair  engine  which  gives 
the  maximum  ddivery,  whether  open  or  do9ed,  the  regenercUor  is  </ 
no  effect;  but  ia  one  which  is  not  so  arranged  as  to  give  the 
maximum  delivery,  it  may  be  advantageous. 

Almivie  Maximum  Ddivery. — The  absolute  maximum  deUv- 
ery  of  a  hot-air  engine  can  only  be  attained,  when  the  cycle 
process  is  of  the  character  described  in  Chapter  YL,  in  which 
case  the  heat  imparted  for  a  certain  work  is  least.  Therefore 
the  addition  and  abstraction  of  heat  must  be  so  regulated 
that  the  air  expands  in  the  working  cylinder,  at  first,  according 
to  the  isothermal,  and  then  according  to  the  adiabatic  curve, 
and  that  the  compression  in  the  feed-pump  should  also  be  simi- 
lar.   The  law  of  addition  and  abstraction  of  heat  is  therefore 

pv=piVi. 

U  we  wish  a  formula  for  the  delivery  of  such  a  machine,  we 
must  put  7i  =  T2  and  T^^  Tin  the  equation 

i=^[«(7i- ?;)-.«(?;- T')]    onpage256, 

since  the  temperature  or  inner  work  is  constant  during  the  re- 
ception and  abstraction  of  heat.    If,  however,  7\  =  7^  and  Tt  = 
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r,  we  cannot  find  the  delivery  from  the  equation.  We  know, 
howeyer,  that  under  the  given  circumstances  we  can  deter- 
mine the  heat  imparted  and  abstracted  from  the  initial  and 
final  volumes,  or  from  the  initial  and  final  temperatures.  For 
the  heat  imparted  we  have,  page  160, 

Q  =  2.3026^1S7\  log  ^,  if  v^  is  the  initial  volume  at  the 

Vi 

greater  pressure  pi ,  and  v^  the  final  volume  after  isothermal  ex- 
pansion. 
For  the  heat  abstracted 

©1  =  2.3026  ^iJTa  log—', 

where  v^  is  the  greater,  and  Vi  the  less  volume. 

We  can  now  find  the  work  L  according  to  Equation  XXX., 
page  186.    We  have 

for  one  kilogram  of  air.    For  O  kilograms  we  have 

Putting  for  Q  its  value  we  obtain 

L  =  2.3026JS» (j;  -  Ta)  log  -^. 

This  is,  then,  the  absolute  maximum  delivery  of  a  hot-air  en- 
gine.   If  we  denote  it  by  Lay  we  have 

La  =  2.30262? (?  (T;  -  T,)  log  ^. 

If  we  express  the  weight  O  in  terms  of  the  cylinder  volume, 
we  have,  page  240, 

where  p^  is  the  final  pressure  and  T%  the  final  temperature  after 
expansion  in  the  working  cylinder.    We  have  therefore 

La  =  2.Wi%FHp^  ^i^»  log  ^ . 

1%  t?i 
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But  we  have  —  =  — ,  and  according  to 

Vi      ft  ® 

batic  oarve 


hence 


If  we  anbetitnte  this  yalue  of  ft  in  the  expression  for  --^,  we 


have 


Hence 


Xa  =  2.3(mFHp,  ^^-Y^  log  ^^J*)'^meter-kilograin8. 

If  the  strokes  per  minnte  are  %  the  delivery  per  second  is 

^  X  2.3026^^  ^1^  log  ^  (I?)""  meter-kaogramfl, 


60 
and  the  horae-pover  is 


■»^=60 


i^xiaoaeF^S^iogad)-. 


If  the  pressure  is  given  ra  atmospheres,  we  have 

10334x2.3026    „„       ^ 
60  X  75      "^^^'  ^^'   °' 

.jr=  6.288nif!fl^  ^'  ~  ^*  log  -^^  (5)""  horse-power. 

If  we  take  as  outer  limits,  Ti  =  673  and  T,  =  273,  we  have 

If  this  value  is  real,  we  most  have 

ft  >  12.804ft, 
that  is,  the  pressure  for  the  least  volume  Vi  must  be  at  least 


i 
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greater  than  12.804  times  the  initial  pressure  |3^    I^  then,  we 
take  j9i  =  20  andjp^  =  1  atmosphere,  we  have 

N=  1.127  FEh, 
and  henoe  for  the  cylinder  volume 

^ir=  0.888  —  . 

n 

For  an  engine  in  which  heat  was  added  under  constant  press- 
ure the  greatest  pressure  is  given  by 


very  2\  =  l 

Ol2907  / 

Pi  =  4/     Q  '      =  3.581  atmospb 


OJSOT 

P 

For  the  maTinnim  deliyeiy  Ti  =  395.51  and  T  =  273,  henoe 

'  396.61      . 

teres. 


The  cylinder  volume  in  this  case  is 

J!ff=  0.9107—, 

where  N  is  the  horse-power  and  p  =  l. 

While,  then,  the  volume  for  the  same  delivery  is  only  a  little 
greater,  the  greatest  pressure  is  much  less  than  in  the  first 
case. 

Since  it  is  difficult  to  construct  engines  for  20  atmospheres' 
pressure,  we  cannot  use  the  system  which  gives  the  absolute 
maximum  of  work,  that  is,  gives  the  greatest  effect  with  the 
least  expenditure  of  fuel.  If  we  run  the  pressure  up  to  14  or 
15  atmospheres,  the  cylinder  volume  will  be  much  greater  than 
for  the  other  system& 

Form^dce  for  Hot-Air  Engines — Shortest  Form. — ^The  formula 
for  the  absolute  maximum  delivery 

which  we  have  found  for  the  simple  cycle  process,  can  be  de- 
duced in  this  form  for  every  hot-air  engine. 


264  THEBMODTNAMICB. 

Since  in  the  equation 

i  =  -J[«(r,-TO-«(r,-r)]    page244, 

8  (^3  —  7i)  is  the  heat  imparted,  and  8{Tt  —  T)  that  abstracted, 
of  which  the  first  is  denoted  by  Q  and  the  second  bj  Qb^we 
have 

But  now  we  have  proved  that  for  all  hot-air  engines 

when  the  heat  addition  or  abstraction  takes  place  according  to 
the  law 

p^'tf^  =  p{^v^  =  etc. 

Hence 

T^-T^:  T;-  r=  Ti  :Tz    or    =71:  T. 

Therefore 

tf  (T;  -  Ti) :  8{Ts  -'T)  =  T^:Ts=^Tt:T, 
or 

Accordingly 
or 

Inserting  the  first  value  of  Qi  in  the  above  equation  for  £, 
we  have 

Hence  we  can  calculate  the  delivery  of  a  hot-air  engine  from 
the  heat  imparted  Q  O,  the  initial  temperature  jT,  and  the  tem- 
perature which  the  air  receives  by  compression  according  to 
the  adiabatic  curve. 
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We  see  that  for  G  =  1,  that  is,  for  one  kilogram  of  air,  this 
equation  is  identical  with  that  found  for  the  simple  cycle  pro- 
cess, Chapter  YL 

If  we  insert  the  second  value  of  Qi,  we  haye 

Therefore  we  can  find  the  delivery  from  the  heat  imparted 
QOf  the  temperature  T^  which  the  air  receives  in  the  heating 
apparatus,  and  that  which  it  has  after  expansion  in  the  working 
cylinder. 

Since  the  specific  heat  does  not  occur  in  these  formulsB,  we 
see  that  the  delivery  of  a  hot-air  engine  is  independent  of  the 
specific  heat.  If,  for  example,  in  the  two  systems  already 
noticed,  Ericsson's  and  Sterling's,  the  temperatures  2\  and  7", 
or  T2  and  T^  as  well  as  the  amount  of  heat  QO,  are  the  same, 
the  engines  will  all  give  the  same  delivery.  The  weight  of  air 
in  the  Sterling  engine  must  indeed  be  greater  than  in  the  other, 
because  the  specific  heat  >«  is  less.  Neither  has,  then,  any  ad- 
vantage over  the  other,  apart  from  the  dimensions  of  the  engine. 
The  delivery  of  both,  as  well  as  of  all  systems  in  which  there  is 
a  cycle  of  the  kind  in  question,  is  proportional  to  the  heat  im- 
parted and  to  the  temperatures  occurring  in  the  engine  only. 

We  can  also  find  the  delivery  L  from  the  heat  Qi  G  abstracted. 

If  we  insert  in  the  equation  for  Z,  the  second  value  for  Q,  we 
have 

If  we  insert  the  second  value  of  (7,  we  have 

There  only  remains  to  deduce  formula  for  hot-air  engines 
in  whichL  the  compression  and  expansion  do  not  take  place 
according  to  the  adiabatic  curve,  but  according  to  some  other, 
for  which  the  general  law  is 


pv^  =  PiVi 


m 
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where  —  possesses  a  different  yolume  from  that  for  the  other 
m 

corves  of  heat  addition  and  subtraction.  The  deduction  of 
such  formulsB  is  unnecessary,  since  thej  are  applicable  to  no 
existing  systems,  and  it  is  improbable  that  in  future  any  engines 
will  be  constructed  to  which  they  are  applicable. 

As  already  remarked,  our  discussion  and  formulse  do  not 
apply  to  the  more  recent  engines  of  Laubereau  or  Lehmann,  in 
which  the  air  does  not  go  through  a  simple  cycle  process,  and 
which,  according  to  the  author's  view  (particularly  the  latter), 
are  especially  suited  for  minor  industrial  uses.  We  shall  there- 
fore seek  at  the  close  of  this  chapter  to  briefly  describe  a  hot- 
air  engine,  the  principle  of  which  seems,  from  a  practical  stand- 
point, worthy  of  notice.  We  allude  to  the  high-pressure  engine 
of  Bichard  linger,  described  in  the  Civil-Ingenieur  and  PdytechiL 
JoumaL  In  the  next  chapter  we  will  treat  in  detail  of  the 
engines  of  Laubereau  and  Lehmann. 

Construction  of  Vhger^s  Engine. — ^In  the  hot-air  engines  con- 
sidered in  this  chapter,  the  cold  air  is  first  compressed  adia- 
batically  in  the  feed-cylinder,  and  its  tension  increases,  there- 
fore, according  to  the  exponential  law  of  Mariotte.  If,  how- 
ever, we  compress  the  air  in  the  feed-pump  while  we  abstract 
the  heat  developed,  the  expansive  force  increases  according  to 
the  simple  law  of  Mariotte,  and  the  compressed  air  posesses  at 
the  same  pressure  jt^i,  a  much  less  volume  than  when  the  com- 
pression took  place  adiabatically.  Since,  also,  the  temperature 
of  this  air  is  less,  it  will  expand  much  more  when  heated  to  the 
same  degree,  and  hence  perform  more  work ;  or  inversely,  for 
the  same  performance  it  expands  less,  and  hence  the  volume  of 
the  working  cylinder  is  less.  Also,  the  same  weight  of  air  is 
heated  to  a  less  degree  for  the  same  amount  of  heat  imparted, 
and  hence  the  highest  temperature  in  the  engine  is  less  than 
when  the  air  is  compressed,  according  to  the  exponential  law 
of  Mariotte. 

This  principle  has  been  applied  by  Bichard  linger,  in  his 
high-pressure  caloric  engine.  The  compressed  air  in  the  feed- 
pump is  cooled  by  injecting  cold  water  in  spray,  which  is  thus 
converted  into  steam.  This  water  is  forced  into  the  feed-cylin- 
der by  a  small  pump,  worked  by  the  engine  itseli    In  this 
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way,  according  to  the  Joumdly  the  air  is  brought  to  about  30^ 
C,  for  a  pressure  of  6  atmospheres  (5  atmospheres  effective). 
The  steam  formed  increases  somewhat  the  expansive  force  of 
the  air,  and  probably  diminishes  the  piston  friction. 

The  furnace  is  a  cylindrical  space,  inclosed  by  iron  plates, 
spherical  above  and  below.  It  consists  of  three  annular  con- 
centric spaces.  In  the  central  space  the  coal  is  consumed. 
This  is  connected  by  openings  with  the  inner  space,  which  is 
closed  above,  but  open  below.  This  latter  communicates  with 
the  outer  space. 

Into  the  fireplace  proper,  as  well  as  into  the  inner  space,  a 
part  of  the  compressed  air  is  forced  by  the  feed-pump  by  nar- 
row pipes,  thus  securing  perfect  combustion.  The  hot  pro- 
ducts of  combustion  then  mix  with  the  larger  part  of  the  cold 
air  furnished  by  the  compression-pump,  which  fills  the  outer 
annular  space,  where  it  is  heated  by  the  central  fire  space.  In 
this  way  the  air  receives  a  temperature  of  250  to  300''. 

The  hot  air  is  then  led  by  special  pipes  to  the  valve  chests, 
and  enters  first  on  one,  then  on  the  other  side  of  the  piston. 

Before  the  compressed  air  reaches  the  furnace  it  enters  a 
receiver,  probably  in  order  better  to  regulate  the  air  necessary 
for  combustion.  {DingUr's  Pdytdchiu  Journal^  Bd.  clxxxvL, 
HeftL) 


CHAPTER  X. 

THE  HOT-AIB  ENGINES  OF  lAUBEBEAU  AND  LEHILLNN. 

In  the  preceding  chapters  we  have  given  the  theory  of  those 
open  and  closed  hot-air  engines  in  which  a  definite  volume  of 
air  makes  in  the  engine  a  cycle  process.  If  the  engine  is  sin- 
gle-acting, as,  for  example,  Ericsson's,  such  a  cycle  is  com- 
pleted during  one  revolution ;  in  double-acting  engines  we  have 
also  a  cycle  during  the  same  period,  but,  other  things  being 
the  same,  we  have  a  double  weight  of  air,  so  that  for  the  same 
dimensions  we  have  a  double  performance.  The  two  engines 
which  we  now  consider,  are  in  reality  closed  engines,  but  the 
air  in  them  does  not  complete  a  cyde  in  the  way  heretofore  as- 
sumed. Thus,  while  heretofore  the  entire  inclosed  air  volume 
was  either  compressed  or  rarefied,  now  only  a  part  is  thus 
treated,  while  the  other  part  is  in  another  condition*  For  this 
reason  the  formulae  thus  far  developed  do  not  apply  to  these 
engines.  We  cannot,  therefore,  determine  their  performance 
from  the  heat  added  or  abstracted  and  the  temperature  fall, 
according  to  the  fundamental  principles  of  the  mechanical 
theory  of  heat,  but  we  must  rather  adopt  the  method  which 
we  have  followed  in  the  calculation  of  the  Ericsson  engine. 

Description  of  the  Lavhereau  Engine, — This  engine  consists  of 
a  hollow  iron  cylinder,  abed  (see  Figs.  41  and  42,  following), 
surrounded  by  a  somewhat  wider  cylinder,  efgh.  The  space 
between  is  filled  with  cold  water,  in  order  to  cool  the  air  in 
the  cylinder.  In  the  lower  part  of  the  cylinder  is  a  bell,  of 
cast-iron,  whose  sides  are  corrugated,  in  order  to  afford  a 
greater  surface  to  the  hot  air.  The  sides  of  this  bell,  as  well 
as  of  the  cylinder,  are  shaded  black  in  the  Figs.  41  and  42.    In 

268 
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Fig.  42  the  bell  is  heated  by  gas,  brought  ob  through  the  pipe  o 
aud  burner  I.  To  Becore  the  air  necessary  for  active  combus- 
tion, I  is  snrronnded  by  a  tnbe,  mn,  through  -which  a  current 
of  air  passes.  In 
Fig.  41  the  fur- 
nace A  is  supplied 
with  coal  by  the 
cast-iron  door  pj 
the  products  of 
combustion  pass 
outthrough  m,  and 
thus  the  bell  ik 
is  heated.  These 
products  collect 
at  q,  and  pass  off 
through  the  chim- 
ney 88. 

The  interior  of 
the  cylinder  ahcd 
is  partly  filled  by 
the  disiribuHonpis- 
Um  V,  the  eiterior 
of  which  is  of  cast- 
steel,   and   which 
consists    of    two 
parts.     The  inte- 
rior of  both  parte,  and  the  space  between,  is  filled  with  some 
poor  oondactor  of  heat.    The  piston  stock  has  a  rod  t,  which 
passes  air  tight  through  a  stuffing-bos  in  the  cover  of  the  cyl- 
inder abed.    The  continuation  of  the  distribution  piston  below 
forms  a  thin  plate  cylinder,  as  in  Ericsson's  engine,  which,  when 
the  piston  is  in  ita  lowest  position,  incloses  the  bell  ik,  and 
easily  absorbs  its  radiant  heat 

The  object  of  the  distribution  piston  is  as  follows.  Sap- 
pose  a  certain  amount  of  air  in  the  cylinder  abed,  then  by  far 
the  greatest  portion  will  be  above  the  piston,  since  there  is  the 
greatest  free  space.  But  since  the  upper  part  of  the  cylinder 
abed  is  sorrounded  by  cold  water,  the  aii  there  most  have  the 
temperature  of  this  water.  If,  now,  the  piston  V  rises,  the 
ait  moat  pass  from  the  upper  to  the  lower  space,  and  come  in 
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contact  with  the  hot  plates  of  the  pistos,  and  the  hot  bell  ik, 
so  that  it  is  immediatelj  heated,  and  has  a  great  tension.  If 
the  piston  again  de- 
scends, the  heated  air 
passes  into  the  upper 
cold  space  and  im- 
parts its  heat  to  the 
cold  water.  The  tam- 
peratnre  thus  sinks  to 
its  original  yalue.  It 
follows  that  the  water 
surrounding  the  up- 
per piirt  of  the  cylin- 
der must  be  constant- 
ly renewed.  This  is 
done  by  a  small  pump, 
P,  merely  indicated 
in  the  Figures. 

Now  that  we  have 
seen  how  the  air  in  the 
engine  is  alternately 
heated  and  cooled, 
and  thus  has  a  greater 
and  less  expansive 
force,  let  na  explain 
how  the  increased  force  of  the  heated  air  is  converted  into, 
mechanical  work. 

From  the  lower  part  of  the  inner  space  of  ahcd,  in  the  neigh- 
borhood of  h,  a  pipe,  dotted  in  Fig.  42,  leads  to  the  lower  part 
of  the  working  cylinder  B.  This  cylinder  is  open  above.  In 
the  bottom  is  a  cock,  hi,  by  which  air  can  be  admitted  to  the 
cylinder  and  to  the  engine.  The  cylinder  is  fitted  with  an  air- 
tight piston,  K,  and  rod,  ki,  which  works  vertically  up  and  down 
through  fixed  guides  above.  By  the  forked-shaped  connect- 
ing-rod gi,  the  crank  vvi  and  shaft  uric  are  set  in  motion. 
The  shaft  passes  through  boxes  ^^,  borne  by  the  frame  CC. 
Upon  the  shaft  is  the  fly-wheel  SS,  and  the  disc  r,  which  by 
means  of  the  belt  r-i  and  the  pulley  rj  work  the  pump  P.  The 
shaft  WW  is  divided  in  the  middle,  and  furnished  with  two  small 
cranks  ar,  connected  by  a  triangular  cam  j-i,  Fig.  41.     This  cam 
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moTes  in  the  reotangolar  frame  uuy  which  is  connected  below 
with  the  rod  t  of  the  difltribution  piston.  Above  it  is  connected 
to  two  rods,  t%  and  ^,  which  work  vertically  in  the  guides  fifx. 
Tho  cam  g^  thus  answers  to  the  eccentric  in  the  steam  engine. 

When,  now,  the  engine  is  put  in  motion,  the  gas  is  either 
kindled  or  burning  coal  introduced  through  the  door  jp.  After 
a  few  minutes,  when  the  bell  ik  is  sufficiently  heated,  the  engine 
is  turned  by  means  of  the  fly-wheel  SS  beyond  its  dead  point, 
BO  that  the  distribution  piston  Fis  moved  upwards.  The  cold 
air  is  thus  forced  rapidly  into  the  lower  warm  space,  where  it 
is  heated  up  to  about  300°  C  The  tension,  before  1  atmos- 
phere, thus  becomes  about  1^  or  more,  according  to  the  con- 
struction of  the  machine.  By  reason  of  this  increased  tension 
the  piston  h  in  the  working  cylinder  is  raised.  When  the  dis- 
tribution piston  has  reached  the  upper  end  of  its  stroke,  the 
working  piston  has  still  some  distance  to  go.  The  first,  there- 
fore, descends  while  the  working  piston  completes  its  stroke. 
The  tension  of  the  air  in  the  engine  sinks  immediately  below  1 
atmosphere,  and  the  working  piston  is  forced  down  by  the 
outer  air  pressflre. 

At  the  moment  when  the  latter  commences  to  ascend,  the 
distribution  piston  has  already  risen  part  way,  a  part  of  the 
cold  air  is  again  heated,  the  entire  air  mass  has  thus  a  greater 
tension,  and  the  working  piston  is  again  raised,  and  so  on. 

While  the  motion  of  the  working  piston  is  tolerably  uniform, 
that  of  the  distribution  piston  is  more  irregular.  At  the  upper 
and  lower  points  of  its  stroke,  it  must  linger,  while  the  stroke 
up  and  down  is  quickly  accomplished.  Indeed,  it  may  even  be 
that  the  distribution  piston  makes  its  entire  stroke  while  the 
working  piston  is  reversing  its  motion.  The  motion  of  the  dis- 
tribution piston  is  dependent  upon  the  construction  and  shape 
of  the  triangular  cam  g^  and  frame  uu,  (Such  an  arrangement 
is  represented  in  Fig.  777,  Art  476,  of  Du  Bois'  translation  of 
Weisbach's  Mechanics  of  Engineering,  vol.  2.) 

According  to  reports,  these  engines  of  Laubereau  should  not 
make  less  than  500  revolutions  per  minute,  and  just  so  often 
the  air  must  be  heated  and  cooled.  From  a  practical  stand- 
point this  appears  hardly  possible.  If  the  data  are  correct, 
we  see  how  very  rapidly  air  can  receive  and  give  up  heat,  when 
made  to  move  over  warm  or  cold  plates. 
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Theory  of  Laubereau^s  Engine, — ^Let  us  first  inyestigate  tie 
tension  relations  in  the  engine.  We  may  proceed  here  in  a 
manner  similar  to  that  adopted  for  the  Ericsson  engine.  "We 
use  the  following  notation. 

First,  it  is  assumed  that  the  cylinder  efghy  as  well  as  the  dis- 
tribution piston  Vj  are  closed  above  and  below  by  plane  sll^ 
faces.    Let 

F  sq.  meters  be  the  cross-section  of  the  distribution  piston,  or 
the  area  of  the  cylinder  abocL 

H  meters,  the  length  of  stroke  of  the  distribution  piston« 

Hi  meters,  that  distance  which  the  distribution  piston  passes 
over  while  the  working  piston  moves  through  A^ 

A  meters,  the  stroke  of  the  working  piston. 

Ai  meters,  the  distance  passed  over  while  the  distribution  pis- 
ton passes  through  Hi. 

O  the  weight  of  air  in  the  engine,  which  is  always  constant 

T  the  absolute  temperature  of  the  cold  air. 

t  its  temperature  Centigrade. 

Ti  the  highest  absolute  temperature  of  the  air# 

p  the  pressure  of  the  cold  air  in  the  cylinder  aboi^  when  the 
distribution  piston  is  below. 

Pi  the  highest,  and 

Pi  the  lowest  pressure  during  a  revolution.    Finally 

h  meters,  the  height  of  the  prejudicial  space  or  clearance,  con- 
sidered not  as  annular  but  as  a  cylinder. 

If  the  distribution  piston  is  below,  the  air  volume  above  it  is 

FH 

of  the  temperature  T  and  pressure  p. 
This  weighs,  according  to  known  principles, 


p  J^  kilograms. 


RT 

Below  the  piston  we  have  the  air  volume 

Fb 

of  the  pressure  p  and  temperature  2\ ,  whose  weight  is 

Fl^ 
BTt' 
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The  entire  weight  of  air  inelosed  is  then 

^~  RT  ^  ItTx~\T^  tJ~W   '    '    '    ^^'' 

The  distribation  piston  has  passed  through  the  distance 
H—Hi  when  the  tension  in  the  entire  engine  has  risen  to  pi. 
Above  the  piston  there  is  now  the  air  weight 

BT  ' 
and  below 

JtZ         ^   BTx  ' 

9 

BO  that  for  this  position  the  air  weight  is 


~LT^         Tt        I'M    '    '    '    '    ^'' 


From  (1)  and  (2)  we  have 

pt_  HTt  +  bT  ,. 

11  we  put  H—  Si  =  H,ox  Hi  =  0,  that  is,  if  we  assume  the 
working  piston  to  be  first  raised  when  the  distribation  piston 
is  at  the  upper  end  of  its  stroke,  we  have 

Pi  _  HTx  +  hT 

p  ~  {H+h)T' 

This  is  e'vidently  the  greatest  value  which  pi  can  have. 
Since  we  can  also  write 

HTi  +  IT  f.. 

^  =  {M+h)TP ^*^ 

we  see  that  px  depends  essentially  upon  the  initial  pressure  p. 
If  we  haye  ft  =  0,  we  have 

T 

Pi^-mP (6)- 

18  ^ 
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Therefore  the  pressure  jTi  is  direcidj  as  the  iemperatore  7i 
and  the  initial  pressure  jp^  and  inyerselj  as  the  temperature  T, 

After  the  distribution  piston  has  risen  the  distance  H^  the 
working  piston  mores  through  the  distance  \  under  the  con- 
stant pressure  p^.    The  air  weight  is  now 

_» FBp,       Fhp,       fk^jH  fg. 

From  (6)  and  (2)  we  have 

K  =  j  §(r,-r)  .....  (7). 

If  again  we  put  ^  =  0,  we  shall  have  Ai  =  0,  that  is,  the 
working  piston  goes  through  no  distance  under  constant  press- 
ure, but  is  raised  by  expansion  of  the  air. 

If  further  we  take/  =  i^'and  take  T;  =  2  x  273  and  T-  273, 
that  is,  if  we  warm  the  air  from  0  to  273°,  we  have,  as  is  evident, 

Let  us  determine  now  the  height  A,  which  the  working  piston 
has  to  move,  in  order  that  the  pressure  may  sink  to  the  origi- 
nal pressure  p. 

When  the  working  piston  has  passed  through  ^  the  air  vol- 
ume in  the  engine  is 

Fn-\-  Fh  +/h. 
This  volume,  at  the  pressure  p  and  temperature  Ti,  weighs 

FHp   .  Fbp     fhp  _fH       b\p     fhp 


Equating  this  to  (1),  we  obtain 

FH^  Fh+fh  _  FH      Fb^ 
BTi     '     ''BT'^BTt* 

and  after  reduction 


h  =  ^iT,-T) (8). 
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Prom  (7)  and  (8)  we  have  now 

hiihw  Hii  EL 

While  now  the  working  piston  is  at  its  highest  pointy  the 
distribntion  piston  passes  through  H—  Hi,  and  the  pressnre 
of  the  air  sinks  from  piop^.    The  inclosed  air  weight  is  now 

^  '  RTx       BTi    ■*"  BTi  BT 

Equating  this  to  (1),  we  have 

ft_ HT,  +  hT .. 

If  here  we  pnt  JT—  ^i  =  jET,  or  fi;  =  0,  we  have 

p,_        HT,  +  bT  -Q 

p^2HTt-{H-'b)T ^^^" 

EXAMPLE. 

Let  ^  =  1  8q.  meter,  /  =  ^  sq.  meter,  H=  0.2  m.,  and  ^i  =  0.1  meter.  Also, 
(  =  0.02  meter,  the  temperature  t  of  the  cold  air  0"*,  or  T=  278,  and  of  the  hot 
air  /,  =:  273'',  or  r,  =  2  x  278.  What  are  the  pressure  relations  in  the  engine, 
and  bow  fcreeX  are  h^  and  A  ? 

From  (8), 

£i-  0.2  X  2  X  278  -f  0.02  x  278 

p  ^  0.1  X  2  X  278  +  (0.2  -  0.1  +  0.02)278 

0.4  -H  0.02      0.43      ^  j,.^  ^f„.^Vo«« 

If  JJi  were  0,  we  have  from  (4) 

Pi      0.2x2  X  278  4- 0.02  x  278       0.43  __  -  ™j  ^Hn^^hav^ 
T"     0.2x278  +  0.02x278      = -5;^  =  I'gOO  atmospheres. 

This  Is  evidently  the  highest  pressure  which  can  be  attained  for  the  tempera- 
tue  278*,  when  only  air  ia  Inclosed  in  the  engine. 
If  the  prejudicial  space  is  zero,  we  have 

l>,  =  2  atmospheres. 

The  minimum  pressure  ji,  is  from  (0) 

p,  _  0.2  x  2  X  278  +  0.02  x  278  _  0.43     t\tn)gk  ^^     k 

7  ~^:4^0Ti)2x  278 -(0.2 -0.1- 0.02)278  "OTO^^-"**^^*'*^ 


278  THERMOBYNAMIOB. 

makes  45  revolntionB  per  minute,  and  has  an  effioiency  of  0.5, 
we  have 

N^  2.296  X  45  X  0.6  X  0.5(0.4  +  0.2) ^'^^^  ^ ^'^^ 

=  4  horse-powers. 

Tresca  has  observed  in  engines  of  this  kind,  for  cylinder 
diameter  of  0.5  meter,  and  hence  cylinder  cross-section  of  0.196 
square  meter,  stroke  of  0.4  meter,  and  effective  pressure  dur- 
ing rise  of  piston  of  0.25  atmosphere,  a  delivery  of  0.8  horse- 
power. For  a  cross-section  of  working  cylinder  of  0.5  square 
meter,  as  in  our  example,  the  delivery  for  this  slight  pressure 

would  be  ^^*      X  0.8  =  2.04  horse-power.    If  we  consider  that 

U.X<7D 

the  pressure  in  our  example  is  0.313,  and  that  the  effective 
pressure  of  the  atmosphere  is  also  greater,  we  can  conclude 
that  our  formula  is  reliable  if  the  number  of  revolutions  is  not 
far  from  45. 

The  delivery  is  considerably  greater  when  jpi  and  'p^^  have  the 
above  calculated  maximum  values,  or  when  the  engine  is  so 
constructed  that  the  working  piston  lingers  at  its  upper  or 
lower  positions  while  the  distribution  piston  describes  a  com- 
plete stroke. 

Dimensuyns  for  a  given  DeKvery. — ^If  we  put  in  the  last  for- 
mula in  place  of  h  and  hi  the  values  from  (7)  and  (8),  we  have 

ir=  2.296711^  ^  {Tt  -  T)  (J7+  S^  ^'  ^^     .    (LXIX) 

whence  it  appears  that  the  delivery  increases  not  only  with 
the  area  JP  and  the  height  ff  of  the  distribution  cylinder,  but 
also  with  the  temperature  Ty. 

From  this  formula  we  have  at  once  the  area  F  for  an  engine 
of  given  power.    Thus, 

Here  n,  to,  Ti,  jT,  and  ^  JETi  are  considered  as  given.  The 
values  of  ^  and  j^  are  then  found  from  (3)  and  (9). 
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For  the  mazimnm  delivery,  where  J^  =  0,  we  have 

EXAMPLE. 

What  must  F  and  /  be,  when  the  actual  delivery  N  of  the  engine  is  two  horse- 
power, and  w  =  0.30,  n  =  60,  Tj  =  2  x  273,  T=:  273,  J2"=  0.05,  and  b  =  0.01  ? 
If  we  require  from  the  engine  the  maximum  of  work,  we  have  from  the  equation 

$  =  WTWr  ^  ^'^^  ^  numerical  TalMS. 

0.05  X  2  X  278  +  0.01  x  278      -  ooo   4.        u 
(0.0B  +  0.01)  X  878 =  *-^  atmosphereB. 

. 

and  from  Equation  10 

Pt  _        HT^  +  hE 

0.05  X  2  X  278  +  0.01  x  278  a  i»oo   x_      u 

=  0.688  atmosphere. 


""  2  X  0.06  X  2  X  278  -  (0.06  -  0.01)  x  278 

HenoB 

2  X  278  X  2 


F=: 


2  X  296  X  60  X  0.8  X  0.05  X  278  X  1.146 


The  entire  volume  of  the  air  inclosed  in  the  distribution  cylinder  must  there- 
fore be 

1.69  X  0.05  =r  0.0645  cubic  meters. 

From  (8)  we  have  for  the  volume  of  the  working  cylinder 

fk  =  0.0646  ^  ^  ^^~  ^^  =  0.0645  cubfe  meters. 

00845 
If  we  take  A  =  0.05  meters,  we  have  /=  -^-r —  =  0.169; sq.  meters. 


The  Hot' Air  Encfine  of  Lehmann. — ^In  the  engine  of  Lanberean 
we  meet  with  two  evils,  the  direct  action  of  the  hot  air  upon 
the  working  piston,  and  the  alternate  heating-  and  cooling  of  a 
part  of  the  inclosed  air  which  does  not  contribute  to  the  action 
of  the  machine.  The  first  objection  is  common  also  to  the  en- 
gines of  Unger  and  Belou,  while  Ericsson  has  avoided  it  in  his 

•  If  we  take  for  the  stroke  0.6m,  Inelead  of  O.O611L ,  we  shonld  have  for  F,  O.IW  square  meters. 
Bmos  the  ladlns  of  the  distribntloo  piston  would  be  only  OJOS  meter. 
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engine  in  a  Terr  ingenious  maimer.  In  fsw^  this  invention  is 
specially  distinguished  in  that  the  working  piston  always  re- 
mains cool  (the  temperature  at  most  40°  to  50°),  so  that  it  can 
be  well  lubricated,  and  also  in  that  the  motion  of  the  piston  is 
transmitted  in  s  very  simple  and  ingenious  manner  to  the  fly- 
wheel and  this  to  the  feed  piston. 

The  objections  to  Laube- 
reaa's  engine  have  been  met  by 
Lehmann,  who,  with  the  same 
idea  at  bottom,  has  joined  the 
special  advant^es  of  Erics- 
son's invention.  In  Lehmaim's 
hot-air  en^e,  also,  an  inclosed 
quantity  of  air  is  alternately 
heated  and  cooled,  but  it  does 
not  act  directly  upon  the  work- 
ing piston.  This  latter  is  pro- 
tected by  the  feed  piston  from 
the  heat  of  radiation  and  con- 
duction, while  still  the  expaa- 
sive  force  of  the  hot  air  is  ap- 
plied in  the  same  cylinder  in 
which  it  is  heated  and  cooled. 
For  this  reason,  a  part  of  the 
air  is  not  heated  and  cooled 
unnecessarily  at  every  revolu- 
tion. 

Fig.  43  represents  a  section 
of  Lehmann's  engine,  a  de- 
scription of  which,  t<:^ther 
with  a  number  of  experi- 
mental results,  have  been 
given  by  Eckerth  in  the  Viertd- 
jdhrsschrift  des  deitischen  Ingf>- 
nieur-und  Arckitehtea-Vereins,  1 
Jahigang,  2  Heft. 

ABCD,  Pig.  43,  is  a  horizon- 
tal cylinder  of  cast-iron,  open 
in  front  and  closed  behind.     8  is  the  fire  space,  with  the  ash 
pit  T.    The  hot  air  plays  around  the  outside  of  the  cylinder  at 
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the  left  end,  and  then  mounts  throngli  the  pipe  i?,  which  is  fur- 
nished with  a  throttle  valve  for  regulating  the  draft,  into  the 
air.  About  fds  of  the  cylinder  is  surrounded  by  a  wider  cyl- 
inder, LMNPy  and  the  annular  space  between  is  kept  filled 
with  cold  water,  which  enters  below  and  escapes  through  the 
pipe  Q  after  it  has  cooled  the  air. 

In  the  cylinder  ABCD  two  pistons  move.  One,  UUy  is  the 
'working  piston,  which  is  made  to  fit  air-tight  by  a  leather 
washer.  This  washer  is  so  constructed  that  it  allows  air  to 
enter  when  the  outer  air  pressure  is  greater  than  the  inner,  but 
hugs  oBly  the  tighter  and  prevents  exit  when  the  inner  air 
pressure  is  greater  than  the  outer.  The  outer  piston,  called 
the  compressor,  consists  chiefly  of  an  air-tight  riveted  plate 
cylinder  EFOHy  stiffened  inside  by  the  piston  KK^  and  closed 
in  front  by  the  wooden  piston  EF.  The  diameter  of  this  cyl- 
inder is  but  little  less  than  that  of  ABCD^  so  there  is  only  a 
narrow  space  between. 

The  compressor  is  connected  with  a  rod  VW^  which  passes 
air-tight  through  the  working  piston.  This  latter  transmits  its 
motion  to  the  fly-wheel  in  a  manner  similar  to  Ericsson's  en- 
gine, and  the  motion  of  the  compressor  is  similarly  effected. 

In  order  to  preserve  its  motion  in  a  right  line,  guides  are 
fitted  to  the  cylinder  ABCI),  and  to  diminish  the  friction  we 
have  a  roller  at  0. 

The  cranks  and  connecting-rods  by  which  the  motion  of  the 
working  piston  is  communicated  to  the  compressor  are  so  ar- 
ranged that  the  crank  for  the  latter  is  65"^  in  advance  of  that 
for  the  working  piston. 

In  the  vicinity  of  X  there  is  a  regulator,  which  opens  a  valve 
when  the  normal  action  is  exceeded. 

The  mutual  motions  of  the  working  piston  and  compressor 
are  represented  in  Fig.  44. 

The  circles  above  are  the  crank  circles.  We  have  divided 
each  into  12  equal  parts.  When  the  crank  of  the  working  pis- 
ton has  gone  from  1  to  2,  the  working  piston  has  gone  through 
the  distance  2a,  and  simultaneously  the  feed  piston  has  gone 
through  the  distance  26.  When  the  crank  of  the  working  pis- 
ton reaches  3,  the  working  piston  has  passed  through  3a,  and 
the  feed  piston  through  36,  and  so  on. 

We  see  now  from  the  diagram  that  when  the  working  piston 
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readies  ite  extreme  position  on  the  right  (see  Fig.  43),  the 
compressor  has  gone  almost  the  half  of  its  stroke  toward 
the  left  Thia  posi- 
tion -we  have  indi- 
oated  in  the  diagram 
by  /.  The  space 
right  and  left  of  the 
compressor  is  then 
eqnal,  but  in  the 
one  we  hare  cold 
air  and  in  the  other 
hot  air,  while  the 
air  layer  in  the  nar- 
row annnlar  space 
between  compres- 
sor and  cylinder 
forms  a  poor  con- 
ductor, by  which 
the  propagation  of 
heat  from  the  hot 
to  the  cold  space  is 
prevented.  This  air 
answers,  then,  the 
purpose  of  the  ring 
valve  in  Ericsson's 


When  the  two 
pistons  have  the 
position  in  /,  the 
compressor  goes  to- 
ward the  left  some- 
what more  rapidly 
than  the  working 
piston.  The  hot 
air  is  thus  driven 
out  of  the  hot  space 
behind  the  com- 
pressor into  the 
cold  space  in  front, 
and  its  tenaioa  is 
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dimiidshed.  Since,  however,  the  working  piston  also  moves 
toward  the  left,  the  inclosed  air  is  compressed.  But  the 
increase  of  the  tension  by  the  compression  is  at  first  less  than 
the  decrease  bj  cooling.  If,  therefore,  the  entire  air  volume 
had  at  fiirst  the  pressure  of  the  atmosphere,  its  pressure  will 
be  now  somewhat  less.  In  Ericsson's  engine  the  same  is  true. 
As  soon  as  the  feed  piston  begins  to  move  backward,  the  air 
between  the  two  pistons  is  rarefied,  and  cold  air  enters  through 
the  valve  in  the  working  piston.  Eckerth,  however,  ascribes 
this  decrease  of  tension  to  losses  of  air.  From  3  on  (see  dia- 
gram), the  working  piston  and  compressor  move  with  almost 
equal  velocity  toward  the  left,  and  since  at  3  there  is  but  little 
hot  air  behind  the  compressor,  the  entire  inclosed  air  volume 
soon  takes  the  pressure  of  the  atmosphere,  as  the  closed  curve 
LILIILIV.  above  the  crank  circle  in  the  diagram  represents. 
This  is  obtained  by  laying  off  from  the  line  (xfS  the  pressures 
corresponding  to  the  positions  LILIILIV,  From  4  on,  where 
the  working  piston  moves  toT^ard  the  left  much  more  rapidly 
than  the  compressor,  and  the  latter  is  almost  at  the  end  of  its 
stroke,  the  pressure  rises  above  the  atmosphere. 

At  IL  the  compressor  has  its  extreme  left  position,  and  all 
the  hot  air  has  passed  into  the  cold  space,  and  since  the  work- 
ing piston  also  has  nearly  completed  its  stroke  toward  the 
left,  the  pressure  is  considerably  higher  than  the  atmosphere. 
The  maximum  pressure,  however,  is  not  yet  attained.  From  //. 
to  ILL  it  must  increase  rapidly,  for  now  the  compressor  re- 
tnms  and  forces  cold  air  into  the  hot  space,  while  the  work- 
iiag  piston  still  is  going  toward  the  left  as  before.  About  at  ZZZ, 
then,  we  have  the  maximum  pressure. 

Between  IIL  and  IV.  it  remains  tolerably  constant,  because 
both  pistons  are  moving  together  toward  the  right  with  nearly 
equal  velocity,  and  because  the  increase  by  the  heating  of  the 
cold  air  is  balanced  by  the  increase  of  volume. 

From  IV.  on,  the  working  piston  goes  more  rapidly  to  the 
right  than  the  compressor,  and  the  pressure  sinks  gradually 
until  it  is  agaia  1  atinosphere. 
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Calculation  qffhe  Pressures  in  Lehmann^s  Engine. — Let 

F  =  the  cTOBS-section  of  the  larger  cylinder. 

Fi  =  that  of  the  compressor. 

ly  the  length  of  compressor. 

a,  the  distance  between  pistons  in  the  position  L 

a^  the  distance  from  end  of  compressor  to  that  of  cylinder. 

T^  the  absolute  temperature  in  the  cold  space. 

jTi,  that  in  the  annular  space  between  compressor  and  cylinder. 

Ti,  that  in  the  hot  space. 

For  the  inclosed  air  weight  O  we  haye,  when/?  is  the  prooo- 
nre  for  the  position  /, 

^_Fap     (jP-jPi)fj>  ,  Fa,p 
If  we  put  (^  —  jPi)  ^  =  -  ^fl»  w«  Iw^v® 


Again  for  the  position  II.  (see  diagram),  let  h  be  the  distance 
between  pistons,  Ih  that  between  cylinder  end  and  compressor 
end,  pi  the  pressure  for  this  position,  then 


^'^   R  \T^  nT^      tJ    •    •    '    •    ^^^' 


From  (1)  and  (2)  we  obtain 

a   ,     a        Oj 
Pi_T'^  nTx     gj 

If  for  position  IIL  we  haye  o,  Ci,  and  |^  instead  of  6,  hi  and  j^ 
we  obtain 


T^  nTi      71 
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For  position  IV.,  taking  p^  d,  anddi  in  the  same  signification 
as  pb  Cy  and  Ci  for  UL,  we  have 

P       d        a        d^' 

The  engine  described  by  Eckerth  was  of  1  horse-power,  and 
had  the  following  dimensions : 

Diameter  of  working  piston. 0.349  meters. 

Stroke  «  " 0.176       " 

Diameter  of  compressor 0.342       '^ 

Stroke       "  " 0.244      " 

Length      "  "        1.527       " 

Area  of  working  piston jP  =  0.0957  sq.  meters. 

Farther,  if  we  take  the  dimensions  of  the  drawings  given  by 
Eckerth  in  his  description  of  Lehmann's  engine  as  approxi- 
mately correct, 

a  =  a5"  (Vienna)     Oi  =  6.375"        6  =  7.5"         \  =  0.25" 
c  =  3.5"  ci  =  2.8"  d  =  0.25"       dy  =  8.25". 

In  the  experiments  the  cold  water  entered  with  a  tempera- 
ture of  SO"*  to  60%  and  left  at  40""  to  70^    The  cold  air  had  then 

70  4-40 
a  somewhat  higher  temperature  than  — -^ —  =  55*^  on  the  av- 
erage. If  we  take  it  at  60%  7=  273  +  60  =  333^  If  we  assume 
the  mean  temperature  of  the  air  in  the  annular  space  at  100^, 
and  that  in  the  hot  space  at  300%  we  have  T^  =  373,  and  T^  = 
67a 

According  to  Eckerth,  n  is  about  =  3.  We  have  taken  for  n 
2.5. 

Hence  we  have 

6.5  &5  6^375 

2^^  _   333"  "^  2.5  x  373       573   _  0.03762  _  -  gaw 
ji  "     7.5  6:5  0.25  "■  0.02993  " 

■333  ^  2.5  X  373  ^  "573  ! 
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Also  for  position  ///. 

6.5  6.5  6.375 

J9,  _  "333  "^  2.5  X  373  573  _  0.03762  _  -  f^f, 

~f  ~    3.5  6.5  2.8    ~  0.02237  ~ 

"333      2.5  X  373  673 

For  if: 

6.5     6.6  6.376 
p,  _  "333"  2.5  X  373   573  _  0.03762  _ .,  -^^ 
y  ~  'OM          6.5    8.25   0.02212  ~  '  '* 

333  "^  2.5  X  373     673 

Experiments  with  the  indicator  gave  as  the  mazimnm  press- 
ure an  excess  of  10  pounds,  or  an  effective  pressure  of  10  + 1^1  = 
24L    Henoe 

i^  _  241  _  ^  „(jQ 

a  value  which  agrees  very  closely  with  onr  calculatioiL  The 
pressure  relations  are  here,  therefore,  more  favorable  than  in 
Ericsson's  engine,  and  considerably  more  so  than  in  Laube- 
reau's  engine,  as  might  have  been  expected  from  a  considera- 
tion of  the  construction. 

Delivery  (^  the  Engine. — ^According  to  the  diagram,  the  pressure 
of  the  air,  while  the  working  piston  passes  from  7.  to  4,  is 
tolerably  constant,  and  somewhat  less  than  that  of  the  atmos- 
phere. From  4  to  7//.,  it  increases  about  as  the  volume  di- 
minishes, and  the  increase  follows  the  isothermal  curve  there- 
fore. From  777.  to  IK  again,  the  pressure  remains  tolerably 
constant,  and  then  from  IV.  to  1  decreases  almost  exactly 
according  to  the  ordinates  of  a  straight  line,  that  is,  the  de- 
crease of  pressure  is  proportional  to  the  distance  traversed  by 
the  working  piston. 

We  have  denoted  the  area  of  the  piston  by  jF.  Let  the 
distance  passed  over  from  777.  to  IV.  be  w^  then  the  work  of 
the  air  during  this  motion  of  the  piston  is 
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From  IV.  to  1  the  pressure  is       n      kilograms.    If  the  dis- 
tance is  Wii  the  work  is 

The  work  of  the  heated  air  is  therefore 


Farther,  let  the  pressure  from  7.  to  4  be  /o  on  the  average, 
and  the  distance  u^  then,  since  p^  <  />,  that  is,  is  less  than  the 
atmospheric  pressure,  the  work  of  this  latter  is 

A  =  jPVj  (|)  -  jpb). 
So  that  the  entire  deliTety  is 

The  work  of  compression  from  4  to  ///.  is 

^4  =  2.3026  r,i)|  log  ^ 

if  ^  is  the  least  volume  and  jo^  the  greatest  pressure. 

The  first  occurs  when  the  working  piston  reaches  the  back 
end  of  its  stroke.    Instead  of  V^  we  can  put  Fx^  and  have  then, 

Z4  =  2.3026i<!rp8  log  ^, 
80  that  the  effective  delivery  per  stroke  is 

A  +  A  + A- A=ii=^  [«y*  + tp,  ^^^ +  tt^(p-in,) 


-  2.302ftg)i  log  ^1 . 
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If  there  are  n  strokes  per  minute,  the  delivery  per  second  in 
horse-powers  is 

J^=60^i^[«!ft  +  «^^^  +  «%(p-i\.)-2.302&rftl<>g|], 

where  p^  p,  etc.,  are  expressed  in  kilograms.    If  we  express  the 
pressures  in  atmospheres,  we  have 


or 


-  2.302&rpi  log  ^1    ....    (LXXn.) 


EXAMPLE. 

For  the  engine  already  discussed,  F  =  0.0957  sq.  meters,  and  n,  on  an  ayer- 
age,  was  07.  If  the  distances  WiW^,  etc.,  trayersed  by  the  working  piston,  are 
taken  from  the  diagram,  we  have  w  =  0.06^,  Wi  =0.115,  and  Wf  =  abont  0.00<^ 
What  is  j^,  when  we  take^j  =  1.71,  and  j»o  =  0.97  atmospheres  ? 

Since  the  least  yolume  v^  =.  0.02125  cubic  meters,  x  =  0.222"-,  hence 

JV=  2.296  X  0.0957  x  97  [0.06  x  1.71  +  0.115  ^''^^'^  ^  +  0.06  x  0.03  -  2.3086 

X  0.222x1682  log  1.682], 

/i  JV=  21.814  [0.1026  +  0.1558  +  0.0018  -  0.1941] 

=  21.814  X  0.0661  =  1.4088  horse-power. 

A  mean  of  several  experiments  with  the  friction  brake  gave 

73  8 
the  actual  delivery  73.8  meter-kilograms,  or  -^^  =  0.984  horse- 
power, so  that  the  efficiency  is  abont  '  =  0.69.  Accord- 
ing to  Eckerth,  who  reckoned  the  theoretical  delivery  from 
diagrams,  the  efficiency  was  about  0.66.  Both  seem  somewhat 
too  great.  For  a  i  horse-power  caloric  engine  of  Ericsson,  the 
efficiency,  according  to  experiments  by  the  author  (Dingler's 
Pdytechn.  Joumcd,  Bd.  clxxix.)  was  0.^,  a  result  with  which 
Tresca's  experiments  closely  agreed.    It  does  not  seem  likely 
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that  the  efficiency  of  the  present  construction  is  greater  by  26 
to  29  per  ceni 

The  above  formnlsB  for  the  calcnlation  of  the  power  of  a 
Lehmann  engine  may,  according  to  the  determinations  and 
views  of  the  author,  be  replaced,  as  long  as  the  proportions 
are  unchanged,  by  the  following  simple  formula : 

Lf  =  0.163*  (^  —  ^)  G^  meter-kilograms, 

where  Z«  is  the  delivery  per  second,  n  the  number  of  revolu- 
tions per  minute,  ^  the  highest  and  t%  the  lowest  temperatures 
of  the  inclosed  air,  and  O  the  weight  of  air. .  This  last  can  be 
easily  calculated  from  (1).  We  have  thus  0  =  0.02784  kilo- 
grams. This  formula  rests  upon  similar  reasoning  to  that  on 
page  234. 

Eckerth  states  that  the  machine  required  13.5  cubic  feet,  or 
a  weight  of  426.4  kilograms  of  cooling  water.  This  was  fur- 
nished by  a  small  pump  worked  by  the  engine,  and  forced  into 
the  cold  space,  from  whence,  after  being  heated,  it  flowed  back 
to  the  reservoir.  In  2  hours  this  water  showed  an  increase  of 
61  -  35  =  26%  or  13*^  per  hour.  The  heat  absorbed  by  the 
water  was  hence 

426.4  X  13  r=  5543.2  heat  units  per  hour. 

The  hourly  delivery  was 

73.8  X  60  X  60  =  265680  meter-kilograms, 

corresponding  to  ~^oj~  =  626.6  heat  units. 

Hence  the  heat  units  per  hour  imparted  to  the  air  are 

5543.2  +  626.6  =  6170. 

The  ratio  of  the  heat  transformed  into  work  to  that  absorbed 
by  the  cooling  water  is  therefore 

626.6 


5543.2 


=  0.113. 


The  engine  required  per  hour  4.585  kilograms  of  coal,  whose 

19 
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heating  value  was  estimated  at  3,500  heat  tudts. 
nished  therefore 

4585  X  3600  heat  unitB. 


The  ooalfar- 


Since  only  626.6  units  were  utilized,  the  ratio  of  the  heat 
transformed  into  mechanical  work  to  that  furnished  by  the  ooal, 
or  the  thermal  ^ed^  is 


626.6 


4586  X  3500 


=  0.039,  or  about  4  per  oeni 


The  efficiency  of  the  furnace  was 

6170 
4586x3500 


=  0.38. 


The  difference  in  temperature  of  the  cooling  water  at  en- 
trance and  exit  was,  while  the  engine  was  working  at  about  1 
horse-power,  about  constant  and  9^  Centigrade. 

The  heat  units  per  hour  imparted  to  the  water  was,  as  above, 
6543.2,  hence  per  minute  92.39.  The  amount  of  water  used  per 
minute  is  then 


92.39 
9 


=  10.266  kilograms  =  10.266  cubic  decimeters. 


The  diameter  of  the  pump,  as  also  its  stroke,  was  about  2 
inches. 

The  following  table,  taken  also  from  the  Vtertdjahressckrift, 
gives  a  comparison  between  the  hot-air  engines  of  Ericsson, 
Laubereau,  and  Lehmann : 


System.       Working 
Piston. 


Diameter  of    Useful  DoHvery 


Consomption  of       Cooling  Water  per 


per 
Second. 


Bfflciency.     Fuel  per  Horse 
power  per  Hour. 


Horsflhpowerper 


hpowei 
Hoar. 


Ericsson. ...0.414  m.       1.77  H.  P.       0.46 


Laubereao.  .0.843  m.       0.8 


0.40 


4.18  kil.  of  coal 
of  heating 
▼alue  7,000- 
7,500. 

4.5-5  kil.  coke  20-80  cabic feet 

of      heating  for  a  rise  of 

?ower  7,000-  t  e  m  peiatore 

,500.  of  IT. 


Lehmaan.. 0.289  m. 


0.66  (?)  4.6    kil.    hard  6}  cub.  ft  for 

coal  of  heat-  rise  of  tern- 

ing   power  peratnie    of 
about  8,500. 


pera 
26% 
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According  to  the  views  of  the  author,  the  engines  described 
are  especially  suited  for  the  lesser  industries.  They  are,  for 
reasons  cited,  more  durable  than  Laubereau's,  and  the  annoy- 
ing pounding  of  Ericsson's  is  entirely  avoided.  Moreover,  the 
consumption  of  fuel,  as  shown  in  the  table,  is  only  the  half  of 
that  for  the  other  two  systems.  In  this  respect  it  is  as  econo- 
mical as  the  best  steam  engines. 

Caloric  engines  are  also  perfectly  free  from  danger,  and  their 
attendance  and  management  is  much  simpler  than  for  the  steam 
engine. 


OHAPTEB  XL 

GAS  ENGINES,  ESPECIALLY  THOSE  OF  OTTO  AND  LANGEN. 

Almost  at  the  same  time  as  the  introduction  of  the  Ericsson 
engine  in  Europe,  the  gas  engine  was  invented  by  Lenoir  in 
Paris.  Let  us  consider  the  circumstances  which  gave  rise  to 
the  idea. 

It  is  known  that  when  the  electric  spark  is  led  through  a  mix- 
ture of  air  and  hydrogen,  there  is  a  combustion  of  the  latter  as 
.  it  unites  with  a  part  of  the  oxygen  of  the  air  to  form  steam.  By 
this  combustion  the  air,  as  well  as  the  products  of  combustion, 
are  heated,  and,  if  the  sides  of  the  containing  vessel  are  mov- 
able, there  will  be  expansion  and  increase  of  volume ;  if  not, 
there  will  be  a  considerable  increase  of  pressure.  The  same  is 
the  case  when  gas  is  kindled.  Such  facts,  which  were  un- 
doubtedly known  to  Lenoir,  may  have  suggested  to  him  the 
gas  engine. 

This  machine  is  of  simple  construction,  and  in  exterior  ap- 
pearance very  similar  to  a  steam  engine  with  horizontal  cylinder. 
The  principal  part  is  thus  a  hollow  cylinder  closed  at  both  ends, 
in  which  moves  an  air-tight  piston.  This  is  connected  by  means 
of  piston  and  connecting-rods  with  the  crank  of  a  fly-wheel,  from 
which  by  a  belt  the  power  can  be  taken  o& 

Let  the  piston  be  at  the  right  end  of  its  stroke.  By  turning 
the  fly-wheel  it  moves  from  right  to  left.  While  it  moves  in 
this  direction,  a  mixture  of  illuminating  gas  or  of  hydrogen 
and  air  enters  through  a  slide  valve,  worked  of  course  by  the 
engine.  When  a  certain  quantity  of  this  mixture  has  entered, 
the  slide  shuts  in  the  mixture  in  the  cylinder,  and  at  this 
moment  a  spark  from  an  induction  coil  kindles  the  gas  and 
causes  an  increase  of  pressure.  This  drives  the  piston  to  the 
other  end  of  its  stroke.    Arrived  at  the  left  end,  a  second  slide 
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allows  the  products  of  combustion,  together  with  the  accom- 
panying air,  to  escape,  while  the  fly-wheel,  by  reason  of  its  liv- 
ing force,  goes  on  and  moves  the  piston  in  the  opposite  direc- 
tion, from  left  to  right.  While  it  moves  in  this  direction  the 
mixture  again  enters,  and  is  kindled  as  before,  and  thus  the 
piston  is  driven  toward  the  right. 

The  action  is  therefore  very  similar  to  that  of  a  non-condens- 
ing expansion  steam  engine.  But  while  the  greatest  work  is 
performed  by  the  entering  steam,  the  work  of  the  entering  gas 
mixture  is  here  zero.  During  this  interval  the  friction  of  the 
engine  and  the  resistances  must  be  overcome  by  the  living  force 
of  the  fly-wheel. 

As  the  explosion  of  the  gas  is  instantaneous,  the  increase  of 
pressure  is  also  immediate.  But  since  the  piston  can  only 
gradually  yield,  there  is  at  the  moment  of  flring  a  shock  which 
is  not  only  hurtful  to  the  moving  parts,  but  which  cannot  con- 
tribute to  the  motion  of  the  piston  or  the  performance  of  work* 
Hence  an  amount  of  heat  corresponding  to  this  impact  is  ab- 
stracted from  the  gas  and  transferred  to  the  cylinder  and  pis- 
ton. These  parts  would  soon  become  very  hot  if  heat  were  not 
abstracted.  The  cylinder  is  therefore  surrounded  with  a  jacket 
filled  with  cold  water.  In  this  way  the  temperature  of  the 
cylinder  sides  is  kept  down  to  80""  or  90°.  It  is,  however,  evident 
that  the  performance  can  by  no  means  be  as  great  as  the  con- 
sumption of  gas  would  warrani 

This  objection  to  the  Lenoir  engine,  viz.,  that  a  large  part  of 
the  power  is  lost  by  impact,  and  yet,  in  spite  of  cooling,  the 
piston  and  stuffing  boxes,  etc.,  are  considerably  heated,  has  been 
met  by  Otto  and  Langen,  of  Cologne,  in  a  very  ingenious  way, 
and  thus  a  machine  produced  whose  power  for  the  same  gas 
consumption  is  much  greater.  We  shall  discuss  it  more  at 
length  later  on. 

In  order  to  diminish  the  heat,  Hugon  introduced  with  the 
gas  a  quantity  of  water,  which  absorbed  in  vaporizing  consid- 
erable heat  The  expansive  force  is  thus  indeed  somewhat 
diminished,  but  the  moving  parts  suffer  less,  and  the  machine 
requires  less  repair  and  is  more  durable. 

In  Germany  the  Lenoir  gas  engine  has  dropped  out  of  sight, 
although  in  the  beginning  various  establishments  sought  its 
improvement^  and  not  indeed  without  practical  results.     In 
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France,  however,  especially  in  Paris,  it  has  been  applied  in 
the  building  of  houses  to  the  raising  of  building  materials,  and 
in  England  also  it  has  been  used  for  stone  sawing,  polishing, 
pumping,  printing,  eta 

Gas  engines  are,  as  is  evident  from  the  foregoing,  properly 
nothing  more  than  hot-air  engines  with  inner  fire.  But  while 
in  the  latter  the  air  is  heated  by  coal  or  coke,  in  the  former 
it  is  heated  by  the  combustion  of  illuminating  or  hydrogen  gas, 
kindled  either  by  an  electric  spark  as  in  Lenoir's  engine,  or  by 
a  gas  jet  as  in  Langen's  and  Hugon's.  The  calculation  of  the 
delivery  of  these  engines  is  therefore  similar  to  that  for  hot- 
air  engines.  Before  we  pass  on  to  it  we  shall  give  a  few  gen- 
eral considerations  which  find  their  application  in  all  gas  en- 
gines, and  which  we  borrow  in  large  part  from  the  work  of 
Prof.  Grashof — ^^ResvUaJbe  der  Mechanischen  Wdrmetheorie," — 
upon  which  we  shall  base  our  future  calculations. 

The  degree  of  heating  of  the  air  in  a  gas  engine  depends 
evidently  upon  the  ratio  of  illuminating  gas  and  atmospheric 
air  in  the  mixture,  as  also  upon  the  composition  of  the  gas. 
The  illuminating  gas  is  a  mixture  of  several  others,  more  espe- 
cially the  following :  1,  bicarbureted  hydrogen  or  olefiant  gas ; 
2,  carbureted  hydrogen  or  fire-damp ;  3,  hydrogen ;  4,  carbonic 
oxide ;  and  5,  nitrogen.  While  the  two  first  are  combinations  of 
carbon  with  hydrogen,  the  carbonic  oxide  consists  of  carbon 
and  oxygen.  During  complete  combustion,  the  carbon  forms 
with  the  oxygen  in  the  air  carbonic  acid,  while  the  hydrogen 
and  oxygen  unite  to  form  steam.  These  products  are  there- 
fore, after  the  combustion,  mixed  with  the  heated  air. 

One  cubic  meter  of  illuminating  gas  (especially  from  hard 
coal)  consists  on  the  average  of 

0.42  cubic  meters  of  carbureted  hydrogen  gas  (OH4), 

0.08       «  ''       bicarbureted     «          "   (0^)1 

0.40        «  *'        hydrogen, 

0.07        "  **        carbonic  oxide,  and 

0.03        "  «       nitrogen. 

The  weight  of  this  oubip  meter  at  0.76  meters  of  barometer 
and  W  0.  is 

So  =  0.635  kilograms, 


GAS  ENQINES-CEEMICAL  DATA.  296 

while  that  of  1  cubic  meter  of  air  under  the  same  circum- 
stances is 

6^  =  1.226  kilograms. 

The  density  of  the  gas  is  therefore 


*=f=s=<^««'- 


1  kOogram  of  gas  gives,  by  complete  combustion, 

Ki  =  10430  heat  units, 

and  1  cubic  meter  of  gas  therefore  gives 

ir=  SoKi  =  0.536  X  10430  =  6680  heat  units. 

The  weight  of  air  required  for  the  complete  combustion  of 
1  kilogram  of  gas  is 

Li  =  146  kilograms, 

and  1  cubic  meter  of  gas  requires  for  complete  combustion  an 
air  volume, 

^  ^  A^  ^  145x0536  ^  g^3  ^^.^  ^^^^^ 
8o  1.226 

If  we  mix  1  cubic  meter  of  gas  with  a  cubic  meters  of  air, 
the  weight  of  1  cubic  meter  of  the  mixture  is  evidently 

1.226a  4-  0.636  , ., 
g  = kilograms. 

For  example,  for  a  =  10 

12.26  +  0.636     11^,-, 
8  = ^^ =  1.162  kiic^ramfl. 

The  density  of  the  mixture  is  then 

d  =  1  =  l'226a  +  0.636  _  1.226  (o  +  0.4367)  _  a  ■<■  0.4367 
8o       1.225(a  +  l)""       1.226(a  +  l)      ""      a  +  1     * 

For  the  preceding  example 
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After  complete  combustion  of  the  gas,  the  density  of  the  re- 
sulting mixture  of  carbonic  acid,  steam,  nitrogen,  and  air  at 
15°  0.  is 

a +  0.48 


2?  = 


a +  0.83' 


Since  here  the  numerator  is  greater  and  the  denominator  less 
than  in  the  preceding  expression  for  d,  the  density  has  in- 
creased. 

For  example,  for  a  =  10  we  have 

J.  _  10  4-  0.48  _  10.48  _  ^q^77 
^-     10.83     -iOSS""-^^^' 

while  before  combustion  it  was  0.9488. 
In  general,  then,  the  increase  of  density  is 

D  __     (g  4-  0.48)  (g  +  1)      _     c?  +  1.48a  +  0.48 
d'^  {a-^-  0.83)  (a  +  0.4367)  ~  a>  +  L2667a  +  0.3625' 

For  a  =    8,        10,       12,       14,        we  have 

§  =  1.024,  1.020,  1.017,  1.014. 
a 


The  specific  heat  of  the  mixture  i 

far  constant  volume 

__  0.1684a  +  0.286 
^  "        a  +  0.48 

far  oofistarU  pressure 

0.2375a  +  0.343 


<i  = 


a  +0.48 


Let  us  seek  now  how  many  heat  units  are  imparted  to  each 
kilogram  of  the  mixture  of  a  +  1  cubic  meters  when  the  gas  is 
kindled. 

From  experiments  we  can  conclude  that  during  combustion 
about  I  to  1  of  the  heat  is  conducted  away  by  the  cooling 
water,  and  therefore  only  |  to  |  of  the  gas  is  used  for  the  heat- 
ing of  the  air. 

If  we  assume  generally  that  the  oth  portion  of  1  cubic  meter 
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of  gas  famishes  the  heat  required  for  the  increase  of  expansion, 
this  last  is 

aK  heat  units. 

This  is  distributed  over  (a  + 1)  cubic  meters  weighing  {a +  1)8 
kilograms.    Hence  each  kilogram  contains 

heat  units. 


If  now,  originally,  the  absolute  temperature  of  the  gas  mix- 
ture is  2q,  and  immediately  after  firing  7i,  we  have 


c  (a  +  1) »  * 

If  we  denote  further,  the  original  pressure  at  Tq""  by  p^  (kilo- 
grams per  square  meter),  and  that  after  the  firing  by  jpi,  we 
should  have,  if  there  were  no  increase  of  density, 

Since,  however,  the  mixture  is  increased  in  density,  in  the 
ratio  of  2>  to  (2,  we  have 


d    po      To' 


or  putting  A  for  -^, 


7)    1^  -  ^1     nr 


EXAMPLE. 

According  to  the  experiments  of  Tresca,  there  were  mixed  in  a  Lenoir  gas 
engine,  on  the  ayerage,  18  parts  of  air  with  1  part  of  illuminating  gas.  What 
ia— 1»  the  specific  heat  c,  for  constant  Tolume  ;  2,  the  increase  of  temperature 
3*1  —  2*0  ;  and  8/  what  is  the  expannve  force  %f  the  mixture  alter  firing  7 
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We  have  in  our  f  ormulse  a  =  13,  hence 

0.1684x13  +  0.286      ^^^^ 

'"  = 13^048 =  ^-^^^ 

If  we  take  a  =  }, 

m         rp    ^i     _i    __1 }  X  5580  _ioQ^o 

-£ ,      ^0  -  f,       H-  Q  iQgQ    1  225  X  13  +  0.586  ""  "^    ' 
If  we  take  To  =  373  +  15"  =  288%  we  have 

Tj  =  1231  +  288  =  1519% 


For  a  =  13 

-^   _^_      13*  +  1.48  X  13  +  0.48 
'  ■"  d  "  13"  +  1.2667  X  13  +  0.3625 

Henoe  the  prepare  after  firing  is 


=  1.016. 


if  j?o  IS  1  atmosphere. 

Ddivery  arid  Oas  C(yrimmpticm  of  the  Lenmr  Engine. — ^The  gas 
behind  the  piston  of  this  engine  drives  it  forward  after  firing, 
by  reason  of  its  increased  tension,  and  thus  performs  work.  If 
the  cylinder  were  not  surrounded  by  cold  water,  and  the  gas 
could  therefore  expand  adiabatically,  and  if  we  had  to  do  onlj 
with  atmospheric  air,  we  should  have 

Since,  however,  heat  is  abstracted  during  expansion,  and  since, 
also,  the  value  of  k  (1.41),  or  the  number  by  which  the  specific 
heat  of  air  at  constant  volxune  must  be  multiplied  in  order  to 
obtain  that  at  constant  pressure,  is  also  different,  because  we 
have  to  do  with  a  mixture  of  air,  carbonic  acid,  steam,  etc,  the 
law  of  change  of  p  and  v  cannot  be  represented  by  this  ex- 
pression.   It  can,  however,  be  given  by  the  general  expression 

pm^  =  p^^Vi^    (page  197). 

For  this  case  the  specific  heat,  under  the  assumption  that 
we  have  to  do  with  air,  is 

nik  —  71 
m  —  n 

where  therefore  k  ==  1.4JUand  Cp  =  0.1684 
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Now  we  have  found  in  tlie  present  case,  for  c„  the  value 

0.1684a  +  0.286 ,.  -«  ...      .  n-ioo^x      j  t     xi. 
17048 —  ^       a  =  13  this  gives  c  =  0.1836)  and  for  the 

./.    1^     .  ^            XX                              1^       0.2375a +0.343 
specific  heat  for  constant  pressure  or  Cp  we  have ^-r^ — , 

hence 

I.  _  (y  _  0.2375a  -h  0.343  _  ^  qq^ 
C  "  0.1684fl  +  0.286  "  "^"^^ 

The  specific  heat  for  the  law 

is  thereforei  in  our  case, 

m  -^  — n 

Cp         ^  _fiK^  — nC|y 


m  —  n  w  —  n 


We  can  now  find  the  delivery  during  expansion  by  the  for- 
mula 


ii-m 


if  Fl  is  the  volume  of  the  mixture  before,  and  V  that  after  the 
expansion,  or  at  the  end  of  the  stroke  of  the  piston* 

If,  now,  the  cross-section  of  the  cylinder  or  the  area  of  the 
piston  is  ^  sq.  meters,  the  entire  stroke  of  the  piston  «,  and 
the  distance  passed  over  during  entrance  of  the  gas  ei«,  where 
therefore  ei  is  a  proper  fraction,  we  have 

The  value  of  ^  we  call  the  "  degree  of  JUL** 
If  we  insert  it  in  the  above  formula  we  have 


ft— m 


or 


ft 
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The  work  of  the  back  pressnre  of  the  air  is 

J^?b  («  -  ei»)  =  i?]pbs(l  -  ei). 
Hence  the  effectiye  deliveiy  per  stroke  is 

If  there  are  u  reyolutions  per  miimtey  we  have  for  the  de- 
livery per  second 

n 

L,=  ^Fa  frnPi^^^-jPoCl  -eOl  meter-kilg. .  (LXXm.) 
oU       L       fi  —  m  J 

If  we  denote  the  efficiency  by  y^  we  have  for  the  actual  or 
useful  delivery  per  second 


m 


^*  =  y  ^  ^^\y^P^\:r^  -i^(l-ci)1  meter-kilograms. 
If  we  put 


n 
m 


we  have 

Lu  =  uFd  meter-kilograms. 

If  the  horse-power  corresponding  is  Ny  we  have 

JV='^^ (LXXV.) 

The  consumption  of  gas  per  revolution  is  found  from  tbo 
proportion 

«  +  l:l  =  2J^e,«:«    or    «  =  ?^. 

a  +  1 

The  consumption  per  second  is  then 

uFei8 
30(a  +  l)' 


I 
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Hence  the  gas  consumption  for  each  horse-power  per  sec- 
ond is 

uFciS 
and  .per  horse-power  per  hour 

Substituting  the  value  of  N 


O  =  ——J  J  cubic  meters .    •    (LXXYL) 


According  to  Ghrashof,  the  above  formulsB  give  results  agree- 
ing well  with  experiment,  when  we  put  m  =  1  and  ti  =  2.  Hence 
the  law  of  pressure  variation  is  given  by  the  simple  equation 

The  curve  representing  this  law  approaches  the  axis  of  ab- 
scissas more  rapidly  than  the  adiabatic  (page  194).  If  we  insert 
these  values  of  m  and  n  in  Equation  LXXIV.,  we  have 

?  =  ^  [ft  (ei  -  O -i^(l  -  «i)L 

or  putting^  =  10334, 

?=344.4j^(l-ci)(^ei-l)  .    (LXXVH) 

If  we  determine,  according  to  this  formula,  the  value  of  I  for 
different  values  of  ei,  and  then  find  the  corresponding  values  of 
Oy  it  will  appear  that  only  for  a  certain  value  of  ei  will  the 
economy,  or  the  ratio  of  the  delivery  to  the  consumption  of  gas, 
be  a  maximum. 

Thus  for  a  =  13,  we  have,  as  already  found, 

Sl  =  5.19. 
P9 
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The  effidencyy  is  on  the  aTerage  0.57.  If  we  take  it  at  0.55, 
we  haye,  putting  for  ei  the  yalues 

ei  =  0.40  0.45  aSO  0.55  0.60, 

iotl 
{  =  122.4         139.1         1511         15ai         160.2, 

and  for  O 
O  =  2.12  2.08  2.13  2.24  2.4L 

Hence  we  see  that  the  economy  is  greatest  for  Ci  abont  0.5Q. 
Under  the  above  assumptions,  then,  the  cylinder  must  be  half 
filled  with  the  mixture  before  it  is  fired. 

Example  1. — ^What  is  the  delivery  of  a  gas  engine,  the  diameter  of  cylinder 
being  2  decimeters,  and  stroke  4  decimeters,  when  e^  =0.50,  and  the  nunber  a 
of  reYolutions  per  minute  is  60,  the  efficiency  being  taken  at  0.25  ? 

The  cross-section  of  the  cylinder,  or  the  area  F  of  the  piston.  Is 

F=  8.1416  X  (0.1)'  =  0.0814  sq.  meters. 

Since  in  the  present  case 

I  =  161.1, 
we  haT6  for  N 

^_  60x0.0814x0.4x151.1      .  .^  h«,«««w« 
XT  = == ^  1.09  noi8e^[K>w6r« 

The  gas  consumption  per  hour  would  therefore  be 

1.52  X  2.13  =  8.2876  cubic  meters. 


Example  2. — ^What  must  be  the  volume  of  the  cylinder  of  a  two-horse-power 
engine,  which  makes  70  revolutions  per  minute,  when  ^i,  or  the  coefficient  of  flUt 
and  y,  or  the  efficiency,  are  both  0.55  ? 

From  the  formula  N=:.  —^^ ,  we  have 

75iV 
Fb  =  —J-- .    In  the  present  case,  I  =  158.1,  henoe 

„  75  X  2  150       ^  ^^^^     , , 

-^' =  70in5O  =  n067  =  ^-^^^  "^^'^  °'^**'"- 

Qtumtity  of  Coding  Water. — ^It  remains  now  to  calculate  the 
amount  of  heat  which  must  be  abstracted  from  the  cylinder 
for  every  cubic  meter  of  gas  used. 
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We  assume  that  directly  upon  firing,  so  mncli  heat  is  at  once 

abstracted  as  is  contained  by  1  —  a  cubic  meters  of  gas.    This 

heat  is 

(X  —  a)k  heat  units. 

If  we  put  a  =  §,  we  have 

i  X  5580  =  1860  heat  units. 

Heat  is  now  abstracted  from  the  gas  mixture  during  expan- 
sion, since  the  law  of  pressure  variation  is  given  by 

In  order  to  find  this  heat^  we  must  first  determine  the  tem- 
perature at  the  end  of  expansion  or  at  the  end  of  the  stroke. 
This,  as  well  as  the  final  pressure,  can  be  easily  found. 

Denote  the  last  by  p,  then,  according  to  our  law, 

2 


i>=B(-^-)  =i>i«i'- 


If,  for  example,  ei  =  0.50,  then 

p  =  5.19  (0.50)*  =  5.19  X  J  =  1.297  atmospheres. 

The  temperature  T  corresponding  to  this  pressure  is  found 
from 


Smoe  7,  =  1619  (page  298),  we  have 

T=  1519  X  0.50  =  759.5°    or 
t  =  759.5  -  273  =  486.6°. 
If  we  take  ei  =  0.45,  we  have 

p  =  6.19  (0.45)»  =  5.19  X  0.2025  =  1.061  atmospheres, 
and  the  absolute  temperature  T  at  the  end  of  stroke  is 

r=1619x  0.45  =  683.6°    or 
t  =  683.6  -  273  =  410.6°. 
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We  see,  therefore,  that  even  at  the  end  of  expansion,  and  in 
spite  of  the  withdrawal  of  heat  by  the  cooling  water,  the  tem- 
perature of  the  gas  mixture  is  still  considerable,  and  hence  that 
in  course  of  time  the  engine  may  suffer  injury. 

The  heat  abstracted  during  expansion  is  found  as  foUows : 
From  a  previous  formula,  the  heat  abstracted  for  1  kilogram 
of  air  is 

wi  —  n 

In  our  present  case,  where  h  =  1.386,  m  =  1,  n  =  2,  and 
c  =  0.1836,  we  have 

Q  =  ^'^^^^"^  ^  X  0.1836  (2\  -T)  =  0.1127  (J\-  T). 

For  ei  =  0.50,  we  found  T  =  759.5,  hence 

Q  =  0.1127  (1519  -  760)  =  85.5  heat  units. 

The  gas  mixture  of  a  +  1  cubic  meter  weighs 

1.225^^  +  0.535  kilograms, 

or  since  we  have  taken  a  =  13,  16.46  kilograms.  Hence  the 
heat  abstracted  during  expansion  from  each  cubic  meter  of 
mixture  is 

85.5  X  16.46  =  1407  heat  units. 

After  the  exhaust  valve  is  opened,  the  pressure  falls  rapidly 
from  2)  to  that  of  the  atmosphere  po,  and  that  portion  of  the  heat 
disappears  which  went  to  increase  the  rectilinear  motion  of  the 
gas  molecules.  The  mixture  then  flows  out  under  the  constant 
pressure  ^ 

If,  disregarding  this  loss  of  heat,  we  allow  the  gas  at  the 
absolute  temperature  T^  =  273  +  150  =  423°  to  issue  under 
constant  pressure  2^  we  must  abstract 

(1.225a  +  0.535)  Ci  (T-  Tj)  heat  units. 

Since  q  =  0.2545,  and  T  in  our  example  is  759.5  or  760,  we 
have 

16.46  X  0.2545  x  337  =  1414  heat  units. 
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Hence  the  entire  heat  abstracted  is 

1860  +  1407  4- 1414  =  4681  heat  units. 

Since  a  one-horse-power  gas  engine,  with  coefficient  of  fill  of 
0.60,  requires  per  hour  2.13  cubic  meters  gas,  the  heat  ab- 
stracted is 

4681  X  2.13  =  9970  heat  units. 

If  the  cooling  water  is  heated  50°,  say  from  10®  to  60°,  we 
have  for  the  weight  of  water  W  which  must  circulate  per  hour 
around  the  cylinder, 

60»^=9970    or     Jr=  199.5  kilograms. 

This  weight  is,  however,  too  great,  as  we  disregard,  as  above 
remarked,  that  heat  which  disappears  suddenly  when  the  ex- 
haust valve  opens. 

HugcftCa  Engine. — ^In  this  the  heating  of  the  gas  mixture  is  less, 
by  reason  of  the  cold  water  injected  into  the  cylinder,  than  in 
the  Lenoir  engine,  and  the  piston  packing  suffers  less.  Ac- 
cording to  Grashof,  we  have  here  for  I  (page  300), 

I  =  344.4j^[7.21(ei-0-"l  +  «i]    •    •    (LXXYIIL)' 

where  y  can  be  taken  at  0.55. 

If  a  =  13,  and  the  weight  of  water  injected  per  cubic  meter 
of  gas  used  is  2  kilograms,  we  have,  according  to  the  same 

author,  ^  =  433,  and  in  the  expression  which  gives  the  law  of 
variation  of  pressure,  we  have  n  =  1.6. 


For  e   =     0.4 

0.45 

0.5 

0.65 

I   =117.4 

129.8 

137.6 

141.2 

and  &  =     2.19 

2.23 

2.34 

2.50  cubic  meters.. 

The  gas  jets  for  firing  require  about  0.25  cubic  meters  o£  ga» 
per  hour  additional 

From  the  values  of  I  we  can  find  the  delivery  by  the  same 

formula  as  before, 

,y     uFal , 

iv  =  —rjK~  horse-power. 

20  ^^ 
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DeKfipUon  cf  the  Jimotpktric  Gas  Emgim. — This  engbie  ia, 
bejond  doabt,  one  of  the  finest  inTentions  of  the  oentoij,  and 
wae  justly  awarded  the  gold  medal  by  the  jmy  at  the  ExpoBi- 
tion  in  Paris»  1867.  In  fact^  the  inventor  has  ^reroome  in  a 
yerj  ingenious  manner  the  disadyantages  connected  with  the 
engines  of  Lenoir  and  Hngon,  and  the  essential  principles  of 
the  machine  are  based  upon  the  resnlts  of  scientific  inTestiga- 
tion.  The  constmction  also,  in  the  opinion  of  the  author,  leases 
little  to  be  desired. 

The  manner  in  which  the  inyentor  has  happily  oreroome  the 
defects  of  the  older  gas  engines  is  best  told  in  his  own  words 
(Dingier^ 8  Pclyt.  Journal,  Bd.  dxxxyi). 

''By  the  combustion  of  explosive  mixtures  in  a  confimed 
space,  the  products  of  combustion  are  heated  by  the  heat  dis- 
engaged, and  in  consequence  have  a  tendenqr  to  expand,  which, 
when  prevented,  gives  rise  to  a  pressure  upon  the  inclosing 
walls  corresponding  to  the  temperature.  This  pressure  ex- 
ists so  long  as  the  combustion  products  lose  no  heat 

"  If  they  are  cooled,  they  contract  under  the  pressure  of  the 
atmosphere,  which  directly  or  indirectly  surrounds  them. 

''  If  it  is  wished  to  utilize  the  pressure  as  a  motive  force, 
the  question  arises,  what  time  elapses  between  the  heat- 
ing and  cooling,  between  the  expansion  and  contraction  of  the 
gasea 

**  This  time  is  known  to  be  very  short,  and  we  lose  a  portion 
of  the  heat  generated  by  combustion,  by  conduction  and  radia- 
tion through  the  cyUnder  sides,  when  we  endeavor  to  utilize 
the  expansion  of  the  heated  gases,  if  we  do  not  allow  them  to 
expand  quickly  after  the  combustion.  This  loss  of  heat  corre- 
sponds, of  course,  to  the  loss  of  a  portion  of  motive  power. 

'^  If,  we  conceive  an  engine  as  ordinarily  constructed,  that  is, 
with  piston  connected  by  connecting-rod  and  crank  with  a  fly- 
wheel, we  shall  have  opposed  to  the  explosion  in  the  cylinder, 
back  of  the  piston,  not  only  the  useful  work,  but  also  the  mass 
of  the  entire  system.  Such  an  engine  must  work  with  enor- 
mous velocity,  and  the  action  must  be  an  impulsive  one,  and 
since  the  moving  masses  can  never  take  an  acceleration  corre- 
sponding to  the  intensity  of  the  explosion,  the  heat  not  utilized 
must  heat  considerably  the  inclosing  walls  of  the  cylinder. 

''Guided  by  such  considerations,  we  have  adopted  in  the 
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constmction  of  our  en- 
gine the  principle  that 
a  direct  utilization  of 
the  explosive  force 
most  be  discarded. 

"  On  the  contrary,  we 
utilize  the  heat  set  free 
by  the  explo8ion,by  op- 
posing to  the  expansion 
of  the  products  of  com- 
bostion  bnt  very  slight 
resistance,  and  by  em- 
ploying, as  the  motiTe 
power,  the  contractile 
action.  Thus  the  gases, 
as  soon  as  they  have 
lost  their  heat,  and 
hence  their  tension,  are 
compressed  by  the 
pressure  of  the  atmos- 
phere to  that  Tolnme 
which,  after  cooling, 
corresponds  to  their 
temperature  and  chem- 
ical constitution. 

*'  With  these  pre- 
liminary remarks  we 
can  now  explain  more 
in  detail  the  constmo- 
tion  and  action  of  the 
engine. 

"  We  shall  make  use 
for  this  purpose  of 
Figs.  46  to  54.  Fig.  45 
is  a  vertical  section,  and 
Fig.  46  gives  a  vertical 
projection  and  other 
details  of  construction. 

"A  is  a  cast-iron  cyl- 
inder, with    two    aii^ 
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tight  screw  covers  B  and  B^.  This  cylinder  is  snrronnded  up 
to  about  ^d  of  its  height  with  a  double  wall,  the  space  between, 
as  well  as  between  B  and  Bxy  being  filled  with  cold  water,  which 
serves  to  cool  the  cylinder  walls.  This  water  is  brought  from 
a  reservoir,  not  shown  in  our  Figure,  through  the  pipe  r,  and 
the  warm  water  carried  oflf  through  ri.  This  simple  circulation 
of  the  water  is  sufficient,  in  order  to  keep  the  cylinder  jacket 
always  at  a  low  temperature,  without  any  renewal  of  the  cooling 
water  being  necessary. 

"IT  is  a  metal  piston,  which  can  move  air  tight  up  and  down 
in  the  cylinder.  At  every  firing  of  the  gas  mixture  this  is  shot 
up  the  cylinder.  Thus  the  mixture  expands  suddenly  and  cools 
very  quickly,  so  that  its  tension  falls  far  below  that  of  the  at- 
mosphere, and  the  piston  is  driven  down  by  the  outer  air  press- 
ure. This  last  motion  is  that  which  is  transferred  to  the  en- 
gine and  utilized.    The  transference  is  effected  as  follows : 

"  The  piston  K  is  fastened  to  a  toothed  rod  JTi,  which  ends 
above  in  a  cross-head  T  (Figs.  45  and  46),  moving  up  and  down 
vertically  in  guides  F^  F,  only  partly  shown.  Thus  the  vertical 
motion  of  the  piston  is  insured. 

"  The  cylinder  plate  carries  two  pair  of  standards,  of  which 
only  one  pair  A  A  &^^  visible  in  our  Figure.  These  support  the 
shaft  JT,  which  carries  on  the  left  the  fly-wheel  B,  and  on  the 
right  the  belt  pulley  P.  At  the  middle 
of  the  shaft  the  disc  ^8^  is  keyed,  a  cross- 
section  of  which  is  given  in  Fig.  47. 
Upon  the  prolonged  bars  of  this  disc  are 
two  loose  discs  ^Si  Su  between  which  a  — 
crown-wheel  is  fastened  by  means  of  four 
bolts  which  may  be  seen  in  Fig.  45.  The 
teeth  of  the  piston-rod  Ki  engage  with 
the  teeth  of  this  crown-wheel.  When  the 
piston  and  rod  move  upward,  the  crown- 
wheel and  both  discs  Si  and  Si  turn  from  left  to  right,  and  re- 
volve loosely  upon  the  boss  of  the  middle  disc  S.  When  the 
piston  and  rod  descend,  the  crown-wheel  is  made  by  a  special 
arrangement  to  grip  tightly  the  circumference  of  the  disc  Sy  and 
thus  to  impart  motion  to  the  shafi  The  construction  of  this 
special  arrangement  is  different  according  to  the  power  of  the 
engine. 
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''In  engines  of  small  size  {\  horse-power)  the  inner  snrfaoe  of 
the  crown-wheel  carries  a  number  of  eccentric  surfaces  oft,  aby 
etc.  (Fig.  48).  Between  these  and  the  circumference  of  the  disc 
there  are  the  same  number  of  rollers,  c,  c,  eta  If  the  crown 
turns  in  the  direction  of  the  arrow,  as  it  does  when  the  piston 
descends,  those  surfaces  which  lie  nearest  the  center  m,  press 
down  the  rollers  upon  the  disc  and  compel  it  to  take  part  in 
the  motion.  If  the  crown  reyolyes  in  the  reverse  direction, 
there  is  no  such  pressure,  and  the  small  rollers  c,  c,  roll  upon 
the  circumference  of  the  disc. 

''In  larger  engines  the  construction  is  similar.  Here  the 
rollers,  however,  do  not  lie  directly  upon  the  circumference  of 

the  disc,  but  upon  the  upper  surface  of  four 
wedge-shaped  bodies,  a,  6,  c,  d  (Fig.  45). 
Here,  also,  the  portions  of  the  eccentric  smv 
faces  nearest  the  center,  during  motion  from 
right  to  left,  press  the  rollers  against  the 
wedges,  and  these  upon  the  circumference 
of  the  disc,  so  that  motion  is  transferred. 
"If  the  wedges  are  not  to  slide  upon  the 
Fioltf.  periphery  of  the  disc  8^  the  angle  which  the 

eccentric  surfaces  of  the  crown-wheel  make 
with  the  circumference  of  the  disc  must  be  less  than  the  angle 
of  friction  of  the  metals. 

"Upon  the  shaft,  ^ there  is,  besides  the  toothed  wheel  ^ 
also  another  one,  Z^,  This  engages  with  the  wheel  Z  (Fig.  45), 
which  is  keyed  to  a  second  shaft  Wy  parallel  with  W.  Upon  w 
is  the  ratchet  wheel  8u  while  the  two  eccentrics  E  and  Ei  form 
one  piece  and  revolve  loosely  upon  the  shaft  The  catch  8% 
couples  or  disconnects  the  eccentrics  with  the  shaft  to^  accord- 
ing as  it  engages  with  the  ratchet  wheel  8i  or  is  shoved  back 
by  the  bolt  hi. 

"As  the  piston  descends,  the  projection  N  upon  the  piston- 
rod  strikes  down  the  lever  Ai,  raises  the  left  side  of  the  catch 
8zt  which  then  engages  with  a  tooth  of  the  ratchet  wheel  8u  sad 
then  the  catch  and  both  eccentrics  E  and  E^  partake  of  the 
motion  of  the  shaft  w.  If  now  the  number  of  strokes  of  the 
piston  is  equal  to  the  revolutions  of  the  shaft  or  fly-wheel, 
which,  as  we  shall  see,  is  by  no  means  necessary,  hi  is  raised 
during  a  revolution  and  the  catch  8%  released* 
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"  As  soon  as  the  catch  ia  released,  which  most  always  occur 
irbon  the  piston  is  not  far  from  the  bottom  of  the  cylinder,  both 
eooentrics  come  to  rest,  and  the  slide  Ci, 
which  is  moved  by  the  eccentric  U,  has  its 
central  positioiL  In  this  position  the  port 
yi  (Fig.  49)  corresponds  with  y  in  the  cylin- 
der jacket  and  y,  in  the  cover  C-^.  This  is 
pressed  by  springs  /,/,  npon  the  slide,  so 
that  air  cannot  get  between  the  surfaces. 

"  While  the  slide  C|  remains  thus  a  short 
time  in  its  central  position,  the  piston  com- 
pletes the  lower  portion  of  its  stroke  and 
presses  the  products  of  combustion  out 
through  the  ports  and  valve  v  into  the  air. 
At  the  same  time  the  lever  ^i  is  depressed,  the  catch  St  en- 
gages the  ratchet  wheel  Su  and  both  eccentrics  partake  of  the 
motion  of  the  shaft     One  of  these,  E,  which 
moves  the  slide,  mores  downward,  as  is  seen 
from  Fig.  45,  and  the  slide  moves  down.  The 
other,  £i,  moves  up.  As  this  moves  the  lever 
k,  which  in  our  figure  is  behind  ^i,  and  the 
right  end  of  which  is  below  the  tappet  N,  the 
lever  and  piston  are  raised.  During  this  mo- 
tion of  the  piston  the  descending  slide  has 
closed  the  canal  y,  and  made  another  connec- 
tion, which  is  represented  in  Fig.  50.    Here 
the  canal  x  in  the  cylinder  side,  which  lies 
near  y  (Fig.  46),  communicates  with  the  chan- 
nel a  of  the  slide  d,  and  thus  by  m  and  n  with  the  outer  air 
and  a  gas  receiver.    Thus  as  the  piston  is  raised  a  mixture  of 
gas  and  air  enters  the  cylinder. 

"As,  however,  the  slide  Ci  moves  down,  the  canal  q  has  been 
in  commnnicatioQ  with  m  and  n,  and  is  therefore  also  filled 
with  a  mixture  of  gas  and  air.  When  the  piston  has  its  lowest 
position,  this  canal  commnnicates,  as  we  see  in  Fig.  50,  with  the 
opening  a  in  the  cylinder,  in  which  a  lamp  I^  is  burning,  and 
thus  the  mixture  kindled  in  q.  Now  the  slide  moves  rapidly 
Dpward  and  takes  the  position  shown  in  Fig.  51.  The  kindled 
gaa  in  (j*  is  still  burning,  and  so  soon  as  q  thus  communicates 
with  the  canal  x,  the  gas  mixture  under  the  piston  in  the  oylii^ 
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der  19  also  iindled  By  the  expansive  force  developed  by  the 
exploBiou  the  piston  is  shot  up  with  great  velocity,  and  the  eo- 
ceutric  E  raises  the  slide  somewhat  more,  and 
then  returns  it  to  its  central  position.  The 
lever  A|  and  detent  Si  then  release  the  eccentric, 
and  this  as  well  as  the  slide  remain  in  their 
positions  until  the  above  operation  is  repeated. 
"Ijet  us  now  point  oat  how  the  action  can  be 
regulated,  or  the  number  of  strokes  mode  inde- 
pendent of  the  number  of  revolutions  of  the 
crank. 

"  In  the  gas  conductor  is  a  cock  bj  which  the 
relative  proportion  of  gas  and  air  can  be  bo 
Fio,  SI.  regulated  that  the  piston  is  shot  up  by  the  ex- 

plosion only  a  certain  distance.  We  can  thus  alter  the  per- 
formance of  the  engine  at  pleasure.  Since,  however,  the  use- 
ful effect  of  the  engine  is  greatest  for  a  certain 
height  of  throw,  it  is  desirable  so  to  regulate  the 
force  exerted  that  the  throw  of  the  piston  may  be 
always  the  same,  and  hence  independent  of  the  de- 
livery of  the  engine  in  a  given  time. 

"  The  inventors  accomplish  this  by  making  the 
number  of  piston  strokes  independent  of  the  num- 
ber of  revolutions  of  the  axis,  regarded  aa  constfuit. 
For  this  purpose  they  have  a  cock  D  (Fig.  45)  in 
the  end  of  the  exhaust  pipe,  that  is  the  pipe  through 
which  the  products  of  combustion  escape,  which  '^■'■■ 
allows  these  products  to  escape  more  or  less  rapidly.  By  this 
arrai^ement  we  can  cause  the  piston  to  descend  more  or  less 
rapidly.  Since  the  piston  is  pressed  down  by  the  difference  of 
pressure  of  the  atmosphere  and  inclosed  gas  mixture,  it  moves 
with  the  velocity  of  the  periphery  of  the  crown-wheel  so  long  aa 
the  pressure  in  the  cylinder  is  less  than  one  atmosphere.  As 
soon  as  this  pressure  is  reached,  the  piston  sinks  by  virtue  of 
its  own  weight.  If  now  D  is  but  little  opened,  it  sinks  more 
slowly,  if  much  opened,  more  rapidly,  while  the  velocity  of  the 
periphery  of  the  crown-wheel  and  disc  is  nearly  constant.  If  D 
is  fully  opened,  the  engine  works  with  its  maximum  power. 
If  the  cock  is  closed  so  much  that  the  escape  of  the  prodncta 
of  combustion  is.  retarded,  ^  remains  longer  in  its  raised  posi- 
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tion,  and  the  valve  works  more  slowly.  The  position  of  the 
cock  D  depends  therefore  npon  the  delivery  desired.  Hence, 
under  irregular  resistance,  the  revo- 
lutions of  the  fly-wheel  can  be  regu- 
lated by  this  cock. 

"In  Figs.  52  to  64,  we  have  repre- 
sented the  slide  and  slide  surfaces  on 
the  cylinder  and  cover. 

"  If  we  wish  an  automatic  regulation, 
it  is  only  necessary  to  fit  the  cock  D 
with  a  governor  run  by  the  shaft  in  the 
usual  manner." 

From  this  description  it  will  not  be 
disputed  that  the  construction  of  the  atmospheric  gas  engine 
is  very  complete,  and  that  it  deserves  to  be  placed  among  the 

most  ingenious  inventions  of  the  century,  a 
century  which  includes  also  the  engine  of 
Ericsson. 

The  inventors  add  to  their  description  in 
the  Journal  already  cited  the  following : 

"  The  atmospheric  gas  engine  differs  essen- 
tially from  earlier  gas  engines  in  the  follow- 
ing points : 

"  1.  Regard  is  had  to  the  physical  principles 
noticed  in  the  introductory  remarks. 

"  2.  The  action  of  the  piston  is  intermittent 
"3.  A  special  construction  transfers  the  downward  motion  of 
the  piston  to  the  fly-wheel  shaft 

"  4.  The  construction  of  the  valve  motion  and  the  slide  is  es- 
sentially different  from  other  gas  engines. 

"  5.  By  changing  the  number  of  strokes  of  piston  for  a  con- 
stant number  of  revolutions  of  the  shaft,  the  performance  can 
be  regulated." 

That  which  distinguishes  in  other  respects  this  gas  engine 
from  ordinary  hot-air  engines  is,  that  it  is  very  easily  set  in 
action,  and  requires  very  little  attendance.  It  is  equally  safe 
with  all  hot-air  engines. 

It  has  the  disadvantage,  as  compared  with  hot-air  engines, 
that  it  can  only  be  set  up  in  places  where  illuminating  gas  can 
be  obtained  or  manufactured  without  great  cost 
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Theory  of  the  Atmospheric  Gas  Engine. — ^Let  To  be  the  abso- 
lute temperature  of  a  gas  mixture,  consisting  of  a  cubic  meters 
of  air  and  1  cubic  meter  of  gas,  and  Ti  the  absolute  tempera- 
ture after  firing,  then  the  increase  of  temperature  is,  according 
to  page  297,  where  it  is  assumed  that  of  the  heat  which  every 
cubic  meter  of  gas  furnishes  by  its  combustion,  1  — a  heat 
units  are  directly  withdrawn. 


where  c  = 


c    1.225a  +  0.535 ' 

0.1684a  +  0.286 
a  +  0.48 


According  to  experiment,  the  ratio  of  air  to  gas  is  8  to  L    li, 
then,  we  take  a  =  8,  we  have 

0.1684x8  +  0.286     ^-^ 

"= a48 =^-^^- 

If  we  pat  now  or  =  |,  we  have,  since  k  =  5580, 

T-T-    1      !  X  5580  _  3720 
'        *~0.19      10.335   ~  1.964' 

or 

7\  -  To  =  1894°. 

For  To  =  273  + 15  =  288%  we  have 

Ti  =  1894  +  288  =  2182°. 

The  increase  of  density  Di  is,  from  page  296, 

„ €^+  1.48o  +  0.48      _ ,  /WW 

'  ~  a»  +  i;2667o  +  0.3625  ~ 

Hence  the  tension  after  the  firing  is 

_  1  r, 
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Insertmg  numerical  values 

^  "^  L024  288"  ^  L02i  ^  ^'^  ^  "^'^  atmospheres  (nearly). 

The  law  of  yariation  during  rise  of  piston  may  be  repre* 
sented  by  the  equation 

(In  the  Lenoir  engine  we  had  n  =  2.) 

The  work  which  a  gas  volume  performs  by  its  expansion 
when  the  law  of  variation  of  pressure  with  volume  is 

iSy  from  preceding  principles. 


L  = 


n  —  Tn 


«  [i  -  (t)  ^J  • 


Since  we  have  assumed  m  =  l,  in  the  present  case 


«  — 1 


£=.4-iiHr.[i-(^)  ■  ]. 

where  Vt  is  the  least  and  V  the  greatest  volume,  or  Vi  the 
volume  before  and  V  that  after  expansion. 

If  we  denote  now  the  cross-section  of  the  cylinder  by  i^ 
square  meters,  the  height  to  which  piston  is  shot  up  measured 
from  bottom  of  cylinder  by  8  meters,  the  height  which  the  gas 
mixture  occupies  before  it  is  fired  by  eiS  meters,  where  e|  is  a 
proper  fraction,  then 

T"  F8  "^ 
and  we  have  again  as  before. 
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Inserting  n  —  1,  ei  and  jt)i  in  the  parenthesis,  and  denoting  the 
atmospheric  pressure  by  ^  we  have 

This  delivery  goes  in  several  directions. 

A  portion  of  it  imparts  living  force  to  the  piston,  and  shoots 
it  up  to  a  certain  height.  Another  goes  to  overcome  the  resist- 
imce  of  the  air,  and  a  third  the  piston  friction. 

The  overcoming  of  the  resistance  of  the  air  requires  the  work 

FapQ  (1  -  ei). 

If  we  denote  the  piston  friction  by  R^  we  have  the  work  for 
overcoming  it 

or  if,  with  Grashof,  we  put  R  =  pFpo^ 

pFp^  (1  -  ei). 

If  further,  P  is  the  weight  of  the  piston  and  rod,  the  work 
required  to  raise  it  to  the  height  «  —  ei«  =  « (1  —  Ci)  is 

Ps  (1  -  Ci). 

If  here  we  put  P  =  q>FpQy  we  have 

(pFiHfi  (1  -  ei). 

These  three  works  together  must  equal  that  of  the  gas  during 

its  expansion.    Hence 

I 

=  i^fl?%  [1  -  e,  +  p  (1  -  ci)  +  ^(l-eO]. 
or 

'^  ^a  -  e."-^)  =  (1  +  A>  +  9')  (1  -e,). 


ATMOSPHERIC  GAS  ENGmE^THBOBT,  317 

Putting  for  the  sake  of  brevity  ^  =  m, 

n  —  1  Tn^i 

Since  now  p,  9,  e,  and  m  may  be  regarded  as  known,  we  can 
determine  n  from  this  equation. 

According  to  experiments  by  Meidinger,  in  an  engine  of  the 
kind  in  question  of  \  horse-power,  -F  =  0.01767  sq.  meters, 
8  =  0.99  meters  (full  rise  of  piston),  e^  =  0.114  meters,  P  =  21.8 
kilograms,  and  A  =  7  kilograms. 

Hence 

21 8 
P=9'i^,  =  2L8.    or    9,  =  g^^j^^-L__.  =  0.119. 

Further 

R^pFp,  =  l,        or     P  =  0.01767 1 10334  =  Q-Q^ 

Sabstitating  these  yalaes  in  our  last  equation, 

q  +  0.038  +  0.119)  (1  -  0.1U)  ^  1  -  et»-' 
7.4  X  0.114  n  - 1 

L215  =  ^  ~  *^""'    or    1.215tt-2.216=-e»— >, 

11  —  1 

ei—>  +  1.215n  =  2.215. 
This  equation  gives  n  =  1.60  very  nearly,  thus 

(0.114)0*  +  L116  X  L60  =  2.2167, 

^^  °"*y  10600  ^  «^^ 
Hence  the  equation 

gives  the  law  of  variation  of  pressure  with  volume  when  the 
piston  rises. 
Ab  soon  as  this  law  is  known  we  are  able  to  calculate  the 
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pressure  and  temperature  at  the  end  of  the  piston  rise.    If  we 
denote  this  pressure  by  p^  we  have 

1.60 


^=^(v)'- 


Since  p^  =  7.4    and    —  =  0.114,  we  have 

p  =  7.4  (0.114)^-"  =  7.4  X  0.03098  =  0.2293  atmosphere. 

That  is,  the  firwl  pressure  is  far  below  the  atmospheric. 

For  the  sake  of  clearness  we  have  represented  graphically  in 
Fig.  55  the  law  of  change  of  the  gas  during  the  piston  rise.  Oe 
is  the  distance  of  the  piston  from  the  bottom  of  the  cylinder  at 
the  moment  the  gas  is  fired.     0/  is  about  three,  Og  six  times 

this    distance,    and    Oh    is 
the  entire   rise.    At  /  the 
pressure  is  about  1.35  at- 
mospheres.   This  is  repre- 
sented by  the  line/6.    At  g 
the  pressure    is  gc  =  0.45. 
Joining  the  points  abed  we 
obtain  a  curve  which  gives 
the  change  of  pressure  with 
volume.    We  see  that  at   a 
•j^   distance  of  hardly  0.33  me- 
ters above  the  cylinder  bot- 
tom the   pressure    has  al- 
ready sunk  to  one  atmosphere.    The  line  em  =  hn  represents 
the  pressure  of  the  atmosphere  increased  by  the  weight  of  the 
piston.    From  e  to  k,  the  area  oMm  denotes  the  excess  of  work 
of  the  gas  above  that  required  for  overcoming  the  air  pressure, 
the  piston  friction,  and  for  raising  the  piston.    This  excess  im- 
parts to  the  piston  its  living  force,  by  virtue  of  which  it  con- 
tinues to  rise  from  k  to  A,  or  from  i  to  n,  overcoming  the  resist- 
ance of  the  air  and  piston  friction.     During  this  the  indoaed 
gas  furnishes  indeed  a  work  represented  by  icdhk.    If  therefore 
we  add  this  work  to  the  living  force  of  the  piston,  we  have  the 
work  which  goes  to  overcome  the  air  resistance,  the  piston 
friction,  and  to  raise  the  piston. 
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If  now  T  is  the  absolute  temperature  at  the  highest  position 
of  the  piston,  we  have 

9^  =  (0.114)~T~=  (0.114)°^  =  0.2717. 

Since  T^  =  2182% 

T  =  2182  y  0.2717  =  593% 

or 

<  =  693  -  273  =  320% 

a  temperature  still  pretty  high. 

The  useful  work  which  the  engine  furnishes  is  now  per- 
formed during  the  descent  of  the  piston,  by  its  weight  and  by 
the  air  pressure.  This  work  is  not  entirely  applied  to  moying 
the  engine  however.  A  part  serves  to  compress  the  inclosed  air 
again  to  the  pressure  of  the  atmosphere,  and  then  to  drive  it 
out  of  the  exhaust  valve.  Since  this  compression  takes  place 
with  the  velocity  of  the  periphery  of  the  crown-wheel,  and  hence 
relatively  rather  slowly,  a  part  of  the  heat  set  free  has  time  to 
radiate  from  the  cylinder  walls,  and  another  part  is  absorbed 
by  the  cold  water  which  surrounds  the  cylinder  up  to  about  ^d 
of  its  height.  In  consequence  of  this  the  temperature  sinks 
during  the  compression,  and  the  departing  products  of  combus- 
tion have,  according  to  l^eidinger,  only  about  200""  tempera- 
ture, or  an  absolute  temperature  of  200  +  273  =  473''.  Another 
part  of  the  work  goes  to  overcome  the  piston  friction. 

We  can  now  easily  calculate  at  what  height  of  piston  above 
the  cylinder  bottom  the  exhaust  valve  is  opened,  or  at  what 
height  the  products  of  combustion  are  compressed  back  to  one 
of  atmosphere. 

From  known  principles  the  weight  &  of  a  volume  of  air  V^ 
pressure  p  and  absolute  temperature  T,  is 


(?  = 


_pV 


BT' 


In  our  engine,  where  the  air  is  not  pure,  but  a  mixture  of  air, 
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carbonic  acid,  etc.,  R  has  evidently  a  different  yalne.    If  we  put 
for  it  j^i,  the  weight  G  in  the  moment  after  firing  is 

-  HiTi  • 

Assuming  that  there  is  no  loss  of  air,  this  weight  must  remain 
the  same  at  every  position  of  the  piston,  and  therefore  when 
the  mixture  is  compressed  to  the  atmospheric  pressure  jp^  If, 
then,  the  absolute  temperature  is  T^  and  the  gas  volume  is  Fe^, 
e^  being  the  distance  of  the  piston  from  the  cylinder  bottom, 
we  have 

From  these  two  equations  we  obtain 

Since  now,  Pi,  ei,  Ti,  and  Tt  are  known,  we  can  calculate  ^ 
Inserting  numerical  valnes,  we  have 

Ab8  =  0.99™',  the  distance  e^  is 

0.183  X  0.99  =  0.181  meters,  or  18.1  centimeters. 
Let  the  law  of  change  during  the  descent  of  the  piston  be 

p  and  V  being  specific  pressure  and  volume  at  the  highest 
position,  SkiiApoVo  at  the  height  e^  of  piston. 
Then 


i=(^)^=(^?)"'=«."- 
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For  the  rise  of  the  piston  we  had 


or 


If  we  diyide  the  two  equations  for  —  and  —  one  by  the  other, 

Po        Pi 

we  have 


ej*i=^ei\ 


Po 

From  this  we  can  calculate  ni. 
Inserting  numerical  values 

(0.183)"'  =  7.4  X  0.114'* , 
or 

%  log  0.183  =  log  7.4  +  160  log  0.114 

Hence 

log  7.4  X  1.60  log  0.114  ^  o^^ 

^=  log  0.183  ^'  «i  =  0.86& 

Therefore  the  law  of  relation  between  pressure  and  volume 
during  the  descent  of  the  piston  is 

Now  we  can  calculate  the  mechanical  work  necessary  for 
compressing  the  products  of  combustion  from^  to^    This  is 

-^^"^  0.861  - 1  -  '^  -07134  -  ^'P'  OIU  ' 
21 
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Further,  the  air  pressure  and  desoending  weight  ha^e  to 
oyercome  the  piston  friction.    This  is 

piTjpi)  (1  -  ^). 

Henoe  the  work  reqtured  by  both  resistances  is 

J'^[p(l-e.)  +  ^]. 

The  work  famished  bj  the  air  pressure  and  desoending 
weight  is,  however, 

Fapa  [1  -cj  +  ^^  (1  -«,)]= -F«?^>  (1  +  9')(1  -<i)- 

If  we  subtract  the  preceding,  we  have  the  theoretical  effoot- 
ive  deUvery  per  revolution. 

If  there  are  u  revolutions  per  minute,  the  delivery  per  sec- 
ond is 

L,  =  ^Fspo |_(1  +  9^- P)  (1  - «4)  -  Ws^  J  meter-kilograma 

Or,  since  i\,  =  10334 
A  =  172.23i^[(l  +  9,-p)(l-^-.^L^]  .  (LXXX) 

In  horse-power 
J\r=2.296J'««[a  +  9»-p)a-<?0-*^j^]  .    (LXXXL) 
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EXAMPLE. 

What  18  the  theoretical  deliyery  of  the  atmoepheric  gas  engine  experimented 
npon  bj  Professor  Meidinger,  for  which  F  =  0.01767  square  meters,  «  =  0.99">-, 
a,  =:0.114,P  =  dl.8kilogiam8,i2  =  7  kilograms,  tf  =  84^  and  T;  =  278  +  200 
=  478'*? 

First,  according  to  the  preceding  calculations,  1  +  ^  —  p  =  1 
+  0.119  -  0.038  =  1.081.  Further,  1  -  e^  =  1  -  0.183  =  0.817. 
Hence  (1  +  ^  -  p)  (1  -  e^)  =  1.081  x  0.817  =  0.8832. 

Then   e^^  =  0.2297  and   ej**  -  c,  =  0.2297  -  0.183  =  0.0467. 

Therefore  \'.,T.    =  -Tr^rnj-  =  0.349.    Hence 

U.lo4:         U.lo4 


(1  +  ^-/))(l-^)  +  ^^.^  =  0.8832-0.349  =  0.534a. 

For  -Pitt  we  have 

0.01767  X  0.99  x  34  =  0.5947,    therefore 

J?iu  [(1  +  9  -P)(l  -  <%)  -  ^0134^]  "^  ^'^^'^  "^  °*^^^  "  ^•^^^^' 

If  this  result  is  finally  multiplied  by  172.23,  we  have  for  the 
theoretical  delivery  in  meter-kilograms  5476. 

Experiment  gave  40  meter-kilograms,  and  therefore  the  effi- 
ciency is 

40 
64:76  =  ^•'^^• 

According  to  Grashof,  the  efficiency  of  the  engine  in  question, 
when  oiled  carefully  and  at  short  intervals,  is  given  by  the 
equation 

y  =  0.838 -0.064-, 
in  which  z  is  the  number  of  revolutions  of  the  fly-wheel  or  gear 
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shaft    In  Meidinger's  experiment  z  was  75,  henoe 

y  =.  0.838  —  0.54^  =  0.72, 

or  agreeing  almost  exactly  with  our  calcnlated  resnlt 
For  ordinary  practical  working  condition  Grashof  gives 

y=:0.79-0.07-. 

Hence  the  actual  effect  of  an  atmospheric  gas  engine  ia 

power    .    .    .    (TiXXXT.) 

From  a  circular  of  the  inventors  we  take  the  following : 

A  convenient  and  advantageous  motor  for  the  minor  indus- 
tries is  offered  by  the  Otto  Langen  gas  engine. 

This  engine  can  be  set  up  in  crowded  areas,  as  its  action  is 
entirely  without  danger  and  it  requires  little  space. 

The  consumption  of  illuminating  gas  per  hour  for  every  horse- 
power (actual)  depends  upon  the  size  of  the  engine,  and  is  on 
the  average  only  about  1  cubic  meter,  or  considerably  less 
when  the  engine  is  not  worked  up  to  its  limit 

The  expense  for  gas  is  the  only  cost  of  working ;  wages  for 
service  do  not  increase  with  size. 

The  water  for  cooling  requires  no  renewal  Its  temperature 
does  not  exceed  50°.* 

*  According  to  Meldiiiger^s  experiments,  the  cooling  water  for  the  engine  of  \  horae-power 
was  70  liters.  The  circulation  was  maintained  independently,  and  during  10  hours  of  confftaot 
action  it  left  the  jacket  with  a  temperature  of  68<*  C.  and  zetnrned  with  87"  C. 


CHAPTEB  XIL 


JOBMVLM    FOB   THE   YEL00IT7    WITH    WHIOH    AIB    FLOWS    OUT    OF 

YESSELfl. 

In  Fig.  66  let  the  space  between  the  two  pistons  EI  and  G,  in 
the  vessel  ABGD,  and  the  pipe  EF,  be  filled  with  water  or  some 
other  liqnid.  Let  the  piston  HI  be  pressed  toward  the  right 
with  p  kilograms  per 


Fis.  06. 


square   meter,   and   G 

toward  the  left  with  pi 

kilograms,  and  letpi  < 

p.     If  the  area  of  the 

large  piston  is  Fy  and 

that  of  the  smaller/,  J) 

the  total  pressure  upon 

one  is  Fp,  and  upon  the  other  fpi.    Let  the  distance  passed 

over  by  the  larger  piston  in  one  second  be  d,  and  that  passed 

oyer  by  the  other  be  «i.    Then  the  work  of  the  force  Fp  is  F^, 

and  that  of  the  resistance^  is  fpiSi.    If  water  fills  the  space 

between  both  pistons,  then  for  every  position  Fs  =/«i,  or 

F  :/=  Si  :  A 

While  now  the  water  particles  pass  from  the  larger  to  the 
smaller  vessel,  they  must  take  a  greater  velocity ;  the  less  ve- 
locity 8  passes  into  the  greater  ^x-  I^  one  cubic  unit  of  water 
weighs  y  kilc^ams,  we  have  Fay  =f8iy.  The  work  Fpa  of  the 
force  Fp  has  not  only,  therefore,  to  overcome  the  work  fpiSi  of 
the  resistance  fpu  but  also  has  to  give  to  the  weight  Fsy  = 
fsiy  a  greater  living  force.  When,  then,  uniform  velocity  is 
attained  in  the  vessel  and  pipe,  we  have 

^)^  =/m  + '-^^  Fay, 


or 


2? 


Fpa^fp^^^'-^Fsy. 


825 
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That  is,  the  dijOTerence  of  the  work  of  the  force  and  of  the  re- 
sistance is  eqnal  to  the  increase  of  living  force  of  the  water, 
neglecting  the  loss  of  yelocity  due  to  friction,  etc.  Such  an 
excess  of  work  mnst  always  exist  when  we  haye  a  change  of 
velocity. 

If  9  is  very  small,  with  reference  to  9i,  we  may  neglect  ^  and 
have  then 

or,  patting  to  in  place  of  «i, 

FpS'-fp.B.^^Fsy a)- 

If,  now,  the  space  between  the  pistons  were  filled  with  an  ex- 
pansive fluid,  as  air,  instead  of  liquid,  the  case  would  be  some- 
what different.  Such  a  gas  would  expand  when  the  pressure 
on  one  end  was  less  than  that  on  the  other.  This  would  be 
especially  the  case  for  those  particles  in  the  vicinity  of  E^  as 
shown  by  the  dotted  lines.  If  we  assume,  as  before,  that  the 
volume  Fs  passes  per  second  into  the  pipe  EF^  then,  if  its 
weight  is  one  kilogram,  its  specific  volume  is  v.  This  volume 
increases  in  passing  out  to  t7i,  so  that  Vi  =/8i.  The  works  F^x 
asid/pi8i  are  then  equal  to  pv  and  piVu  and  we  have 

where  1  is  the  weight  of  one  kilogram. 

If  we  assume  that  the  air  in  the  pipe  has  the  same  temper- 
ature as  in  the  vessel,  then,  by  Mariotte's  law, 

pv-piVu 

and  the  left  side  of  our  equation  would  be  zero,  hence  ^  or  t<; 

would  be  zero.  We  have  to  seek  the  cause  of  the  change  of 
velocity  in  the  nature  of  the  gas  itself.  If  we  examine  more 
closely  we  shall  recognize  a  force  which  causes  this  change. 
Thus,  in  order  that  the  temperature  may  be  constant  in  the 
pipe  and  vessel,  heat  must  be  imparted  from  without,  and  just 
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so  much  heat  as  is  eqxdyi^ent  to  the  work  of  expansion^  or  to 
the  inorease  of  liying  force  of  the  molecnles.    This  heat  is 

0  =  2.3026^45^  log  ^, 

Pi 

and  the  equiyalent  outer  work  is 

i  =  ^  =  2.8026i?riog^. 

We  haye,  then,  this  expression  in  the  place  of^  --piVi  in 
Equation  (2).    Thus 


w 


=  1/460521?  2V  log  ^. 


Putting  in  the  place  of  B  and  g  their  yalues  (g  =  9.81  meters) 
for  the  yelocitj  to  in  meters  per  second  and  Centigrade  degrees, 

w  =  86.365V  ^  log  ^ .    .    (LXXXn.) 
r  Pi 

For  feet  and  Fahrenheit  degrees, 

w 


^88.94/ T  log  ^. 


We  can  make  use  of  this  formula  in  eyery  case  when  the  ex- 
pansion is  yery  small ;  when,  therefore,  p  is  but  little  more  than 
Pi.  For,  in  such  case,  the  heat  required  is  but  little,  and  we 
may  assume  that  it  is  supplied  by  the  outer  air.  According  to 
Weisbach  this  is  always  the  case  -wYiQnp—pi  is  less  than  -^p. 

If,  howeyer,  no  heat  is  imparted  during  the  expansion  from 
t;  to  i7i,  this  must  be  supplied  by  the  heat  of  the  air  itself,  or,  in 
other  words,  it  must  lose  heat  equiyalent  to  the  work  done  in 
expanding.    This  heat  is 

where  Tt  is  the  absolute  temperature  of  the  air  in  the  pipe. 
The  equiyalent  work  is 
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Now  in  the  present  case,  by  the  -combined  law  of  Mariotte 
and  Ghi j-LnssaCy 

9 

and  since  Tx  <  T^  we  most  have  px^x  <  f^-  By  the  expansion, 
therefore,  the  specific  Yoliune  increases  less  rapidly  than  the 
pressure  diminishes.  The  expression  pv  —  pxVx  in  Equation  (2) 
has  then  a  positive  value,  or  work  must  be  performed  by  the 
piston  Hly  in  order  that  the  air  may  flow  out  with  the  velocity 
w.    Hence  the  entire  work  necessary  to  impart  the  living  foroe 

—  =pv^pxVx  +  ^{T^Tx). 


A  number  of  other  cases  may  be  conceived.  Thus  we  may 
suppose  heat  abstracted  during  the  expansion,  according  to  the 
law  pv"^  =PiVx~^  =  etc.  Such  cases  have  no  practical  in- 
terest. 

If  in  the  above  equation  we  put  BT  in  place  of  pv^  and  BTi 
iarpxVxt  we  have 

^  =  BT- BT,  +  ^(T-Tt)=(B  +  -j)  {T-  T^. 


Since,  however.jB  =  — ^^-j — —, 


g=S-z+z)(^-^')=T<^-^'>- 


If  we  assume  T  as  known,  we  can  easily  find  Ti.  Thua»  since 
the  expansion  is  adiabatic,  we  have 

pv^  =  PlVi\ 


Also, 
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We  have  therefore  for  w  in  meters  per  second  for  Centigrade 
degrees. 


w 


=V^4^{^W^ 


= 44.4494/  T  [1  -  (^)'*^].  (Lxxxm.) 

and  for  feet  per  second  and  Fahrenheit  degrees. 


to 


=  ioa6|/r[i-(|i)''"]. 


These  formnhe  apply  to  the  case  where  air  flows  out  of  a 
vessel  into  the  atmosphere.  In  this  case  ^  =  1.  Instead  of 
assnmiTig  the  piston  HI^  by  moving  toward  the  right,  to  pre- 
serve a  constant  pressure,  we  may  suppose  fresh  air  constantly 
forced  iiL 

Experiment  shows  that  the  above  velocity  is  never  attained 
completely.  The  particles  are  hindered  by  friction  and  mutual 
impact  These  disturbances  cause  a  loss  of  velocity  which 
reappears  as  heai  Since,  however,  the  velocity  of  efflux  for 
moderate  pressure  is  very  great,  the  heat  thus  generated  by  loss 
of  velocity  is  imparted  almost  entirely  to  the  particles  rather 
than  to  the  walls  of  the  vessel,  and  the  temperature  Ti  at  the 
plane  of  the  orifice,  or  where  the  pressure  is  constant,  is  some- 
what greater  than  given  by 


■=^(f) 


jfc-i 


Experiment  has  also  shown  that  the  greatest  velocity  is  not  in 
the  plane  of  the  orifice,  but  some  distance  from  it,  within  the 
pipe.  The  stream  possesses,  then,  at  this  point,  a  somewhat 
smaller  cross-section  than  the  orifice.  The  phenomenon  is 
almost  exactly  the  same  as  for  the  efflux  of  water  or  similar 
liquids. 
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The  number  by  which  the  area  of  the  orifice  mnst  be  multi- 
plied in  order  to  give  the  area  of  cross-section  of  the  stream 
where  the  velocity  is  greatest,  is  called  the  coefficient  of  con- 
traction. It  depends  not  only  upon  the  excess  of  pressure 
jp  —  ^1  in  the  vessel,  but  adso  upon  the  form  of  the  orifice,  as 
well  as  upon  its  position. 

According  to  Weisbach,  for  an  effective  pressure  ^  —  |>i  of  50 
to  850°*" ,  for  circular  orifice  in  thin  plate,  of  from  10  to  24™"- 
diameter,  the  coefficient  of  contraction  i%  a  =  0.566  to  0.811, 
increasing  with  p  —  pi.  If,  for  example,  the  area  of  orifice  is  1 
square  centimeter,  the  cross-section  of  the  stream  at  the  place 
of  greatest  velocity  is 

0.566  to  0.811  square  centimeters. 

But  in  this  cross-section  the  velocity  is  not  w^  as  just  found, 
but  is  somewhat  less.  We  have  therefore  to  multiply  whj  a 
proper  fraction,  in  order  to  obtain  the  actual  velocity,  and  this 
fraction  we  call  the  "  coefficient  of  vdocUyy  If  we  denote  it  by 
^,  and  the  effective  velocity  by  w^  we  have 

w^  =  (pw. 

If,  now,  the  cross-section  of  the  orifice  is  F^  that  of  the 
greatest  velocity  will  be  aF,  and  since  the  particles  pass  with 
the  velocity  w^  =  q)Wf  the  discharge  per  second  is 

y  =  w^aF  =  qywaF. 

And  putting  for  w  its  calculated  value, 


y^ 


The  product  of  the  coefficients  of  contraction  and  velocity 
{pctp)  by  which  we  multiply  the  area  F  of  the  orifice  and  the 
theoretical  velocity,  in  order  to  find  the  actual  discharge,  is 
called  the  ''  co^ffhierU  of  discharge^**  and  is  denoted  by  /ju  Ac- 
cordingly 


y^ 


.) 


For  English  measures  and  Fahrenheit  degrees,  put  108.6  in 
place  of  44.419. 
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If  the  moathpiece  througli  which  the  air  flows  is  fitted  to  the 
shape  of  the  stream,  we  have  or  =  1,  because  the  orifice  has  then 
the  same  cross-section  as  that  where  the  velocity  is  greatest 
For  such  orifices,  shaped  somewhat  as  shown  in  Fig.  56,  Weis- 
bach  gives  for  an  effective  pressure  ^  —  ^i  of  180  to  860™°-,  for 
area  of  orifice  of  about  10°™- 

^  =  /I  =  0.981. 

(One  atmosphere  is  760"™) 

For  circular  orifices  in  a  thin  plate,  from  16  to  24'"'"'  diameter 
and  an  effective  pressure p—jtH  of  from  50  to  850'°'"',  and  tak- 
ing q>  =  0.98, 

)u  =  0.556    to    0.796. 

For  short  cylindrical  pipes  of  the  same  diameter  as  the  ori- 
fice, for  the  same  limits  of  pressure, 

/I  =  ^  =  0.737    to    0.839. 

ExAMPLB  1. — ^With  what  velocity  w,  will  air  flow  out  of  a  receiver  into  the  air, 
wheo  the  pressure  p  is  1.083  atmospheres,  the  absolute  temperature  T  278  +  10  = 
288*,  and  the  coefficient  of  velocity  q>  =  0.90  ? 

Since  the  pressure  is  but  little  in  excess  of  the  atmosphere,  we  may  make  use 
of  the  fonnula  LXXXIL,  page  827.    We  have  then 

w,  =  0.0  X  86.865  i^288  log  1. 


=  0.0  X  86.865  V288  x  O.OUl 

=  0.9  X  86.866  VOOOS 
101,  =  66.182  meters  per  second. 
If  the  temperatnie  Fahrenheit  is  T=  459.4  +  50  =  509.4,  we  have 


10«  =r  0.9  X  88.9  i^509.4  log  1.088  =  214  feet  per  second. 

ExAKPUB  2.^In  a  receiver  we  have  air  under  the  constant  pressure  p  =  1.2 
atmospheres.  The  absolute  temperature  is  r=  278  +  10  =:  288^  With  what 
velocity  will  the  air  issue  when  the  discharge  takes  place  through  an  orifice  of 
the  shape  of  the  contracted  stream  ? 

Here  p  =  1.2  and  pi  ==  1,  hence 


(^    \».iOfT        /  <   \0.t«IT 
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Hence 


10  =  44.449  V283  (1  -  0.0485)  =  44.449  V^14.574R, 

or 

w  =  189.448  meters. 

Since  q>  =  0.981,  the  actual  velocity  is 

We  =  <pw—  0.981  X  109.448  =  166.224  meters. 


If,  now,  in  the  equation 


we  put  Wt  in  place  of  w,  the  aheolute  temperature  Tx  in  the  plane  of  the  orifice 
will  be 

r,  =  T-!^'.4  =  283-  ^^^^^^  X  0. 00998 
'  2g     ek  2  x  9.81 

=  288  - 18.98  rr  269.02. 


Hence  the  temperature,  Centigrade,  is  /i  =  269.02  ~  278  =  —  403**. 
We  see,  therefore,  that  even  for  a  slight  excess  of  pressure  of  only  0.2  atmos- 
pheres, there  is  a  considerable  reduction  of  temperature. 

Without  loss  of  velocity,  the  temperature  2*^  would  have  been 

Tt  =  288  -  K^'t*^r  X  0.00998  =  288  - 14.58  =  268.4r, 


or  268.47  —  278  =  4.58*"  C.    By  the  resistance,  therefore,  the  air  is  heated  4.53  - 
4.02  =  0.51% 

EzAHPLE  8.— If  the  same  receiver  is  required  to  furnish  100  cubic  metezs  of 
air  per  minute,  what  must  be  the  cross-section  Fot  the  orifice  of  discharge  ? 

y 
We  have  r=w«ajP,    or    jP=s  — ,    or 

100 
since  a  =  1,        r=^  =  1.666,       kt  =  166.224, 

F  =  -5^^-224*  =  ^-^^lOOS  square  meters  =  1.003  square  dec* 
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Finally,  we  remark  that  when  air  flows  from  a  receiver  into 
the  atmosphere,  the  contracted  stream  expands  again  in  a  man- 
ner similar  to  that  in  which  it  contracted.  It  thus  gradually 
loses  its  velocity  and  the  particles  come  to  rest    It  is  evident 

that  the  entire  living  force  5- ,  inherent  in  one  kilogram,  is  thus 

transformed  into  heat,  and  that,  therefore,  as  soon  as  rest  ob- 
tains, the  temperature  of  the  air  is  again  the  original  temper- 
ature T  which  it  had  in  the  receiver  before  expanding. 
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AIB  00MPBE8S0BS  AND  OOMPBESSED  AIB  ENGIKE& 

[Tlie  following  pages  comprise  an  abstract  of  a  work  entitled  "  L*Alr  Comprim^/'  Iqr  M.  A. 
Peraolet,  PariSf  1876.  The  abstract  formed  portion  of  a  Oradaation  Tbesis  written  by  Mr.  BaUey 
WUllB,  M.£.,  while  a  stndent  in  the  School  of  Mines,  Colambia  College,  and  is,  with  his  penni»- 
sion,  given  here  with  insignificant  changes,  precisely  as  prepared  by  him.  Mr.  Willis  has  in 
several  places  found  occasion  to  differ  from  M.  Pcmolet,  and  such  differences  will  be  found 
noted  in  the  Text  Mr.  Wilils  has  also  converted  all  the  formnls  and  calculations  into  English 
measures.] 

Work  of  Cbrnpresskm.— Suppose  we  haye  a  given  weight  G  of  air,  whose  vol- 
ume is  Vi ,  pressure  ^i ,  and  absolute  temperature  T^ .  By  means  of  a  piston  let 
this  air  be  compressed  adiabatically  to  the  volume  Vf,  pressure  Pti  ai^^  tempenk 
ture  Tf.  During  compression,  the  pressure  ^i  of  outside  air  acts  upon  the  piston 
to  help  compression.  After  compression,  the  volume  Vm  is  forced  under  the 
pressure  j>s  into  a  reservoir.    Then  the  work  of  compression  is 


A=  ^  (T,-^T,)+p,V,-p,V^. 


But 


and 


hence 


J>iF,  =  2(«F-«r)rt 


Piyi=2(Cp-e,)T,, 


X.=  |(c.  +  c,-c)(r,-ri), 


=  100.704(?(!r,  -  T,)  meter-ldl. 
=  188.866^  (T,  -  r.)  foot-lbs. 


J 


.  (LXXXVJ 
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irheie  -j  =  772,  and  degrees  are  measured  by  Fahrenheit  scale.    For  conyenience 
of  use  we  may  write  these  equations  in  the  following  form  : 


L,  =  100.7046^r, 


'.(f-) 


meter-kil. 


or 


.    (LXXXVI.) 


i>=:  188.86(7  r, 


'.(!->) 


foot-lbs. 


T, 


Pt 


We  can  find  from  the  table,  page  178,  -=r  for  any  given  ratio  of  -^^  ,  and  then 

■»i  Pi 

find  the  work,  without  first  finding  T^. 

We  may  also  write  the  expression  for  the  work  of  compression  in  the  form 


Jr-l 


X.=  100.704^Ti  [(— )  *  -  l]  meter-kil. 


or 


*-i 


(Lxxxvn.) 


L,=  ISBMGTi  [(— )  *  -  l]  foot-Ibe, 


Again,  if  the  volume  Vi  of  air  to  be  compressed  is  given,  instead  of  the  weight 
O,  then  since 


we  have 


andhenoe 


a 


PiVi  =  ^{e^^e,)T,, 


.    .     (L 


=  8.452p,F,  (^-l) 


iXXXVlll.) 


Any  of  these  formuls  may  be  used  in  finding  the  work  of  compression,  as  may 
be  most  convenient,  and  the  table  on  page  178  will  greatly  facilitate  comput&- 

tiODB, 


Voiume  of  the  Ccmpnaaing  Cylinder, — Let  the  volume  of  the  compressing 
cylinder  be  F,  and  the  volume  of  air  compressed  per  stroke  be  T|.  If  the  engine 
makes  n  revolutions  per  second,  it  will  make  %n  stakes  per  second,  and  the  vol- 

imie  of  air  compressed  at  each  stroke  is  g-^. 


836 
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The  Yolnme  of  the  oylinder  must  be  equal  to  this,  or 


But 


p,  Vx  =  ORTx,      henoe 


F  = 


QRTi 

2npi 


(TiXXYTX ) 


Final  Temperature. — In  the  formuhe  for  the  work  of  compression  already  de- 
duced, the  final  temperature  T9  of  the  air,  as  it  passes  out  of  the  compressing 
cylinder,  occurs.     In  the  following  table  the  final  temperatures  for  different 

values  of  —  are  given,  the  initial  temperature  ti  being  assumed  equal  to  68* 
Pi 

Fahr.,  or  Tt  =  459.4  +  68  =  527.4'. 


IHnal  Temperature, — Ti 

=  459.4  +  ( 

58  =  527.4%  or  <i 

I  =  68"  Fahr. 

Px 

Final  abso- 
lute temper- 
ature 'J\, 

Final  tem- 
perature iu 
degrees 
Fahr.  ^. 

Px 

Final  abso- 
lute temper- 
ature ft. 

Final  tem- 
perature la 
decrees 
FaSr.t,. 

2 

644.8 

725.3 

788.35 

841.1 

886.7 

927.3 

963.9 

185.4 

265.9 

828.95 

881.7 

427.8 

467.9 

504.5 

9 

997.42 
1027.95 
1058.2 
1084.2 
1109.6 
1138.85 
1166.6 

538.02 

8 

10 

568.56 

4 

11 

698.8 

5 

12 

13 

624.8 

6 

650.2 

7 

14 

674.45 

8 

15 

697.2 

These  values  are  easily  calculated  from  the  foUowing  table  of  ratios,  and  the 
table  can  be  readily  extended  if  desired. 

They  can,  if  desired,  be  easily  reduced  to  Centigrade  degrees,  or  the  Centi- 
grade values  can  be  calculated  directly. 


Px 

tx 

Difl. 

Px 

tx 

tt 

Diir. 

P3 

Px 

ti 
t% 

Dill. 

1.2 

1.4 

1.6 

1.8 

2 

2.2 

2.4 

2.6 

2.8 

8 

0.773 
0.695 
0.642 
0.603 
0.571 
0.546 
0.524 
0.505 
0.488 
0.473 

78 
58 
89 
32 
25 
22 
19 
17 
15 
13 

3.2 

8.4 

3.6 

3.8 

4 

4.2 

4.4 

4.6 

4.8 

5 

0.460 
0.448 
0.488 
0.428 
0.419 
0.410 
0.402 
0.895 
0.388 
0.382 

12 

10 

10 

9 

9 

8 

7 

7 

6 

27 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

0.355 
0.384 
0  317 
0  303 
0.291 
0.281 
0.272 
0.268 
0.256 
0.250 

21 

17 

14 

12 

10 

9 

9 

7 

6 

Compression  in  ttoo  Cylinders  teith  Intermediate  Reservoir, — We  see  from  the 
expression  for  the  work  done  in  compression 

L,=^e^(Tt-Tx) 

that  in  order  to  reduce  the  work  of  compression  for  any  given  ratio  — ,  we  most, 

Pi 
if  possible,  reduce  the  final  temperature  Tt, 

This  may  be  in  some  measure  accomplished  by  compressing  the  air  in  one 


I 
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cylinder  to  a  pressure  pt    intermediate  between  jp^  and  jp,,  then  cooling  it 
under  the  constant  pressure  p^'  to  the  temperature  T^,  and  then  further  com- 
pressing it  to  the  pressure /?,  in  a  second  cylinder. 
The  woric  of  compression  in  the  first  cylinder  is  then 


and  in  the  second  cylinder 


-']• 


t-1 


2i.  =  l«.(r."-r.)  =  l«,ir.[^-|,)*.-i} 


The  total  work  of  compression  is  therefore 


''=T*=-. [(?:•)''"'*  fef '-«]•  •  •  •  <-°-) 


Kow  Lt  is  a  minimum  when 


k 


if)  '  ^  m 


k 


IS  a  mmimum. 


In  any  giyen  case,  pi  and  j?t  will  be  known,  and  hence  the  above  expression 

18  of  the  form 

X       h 
-  +  -. 
a      X 


m 


Differentiating  and  placing  the  first  differential  coefficient  equal  to  zero,  we 


find 


«=  Vab, 


and  this  falue  substituted  in  the  second  differential  coefficient  gives  a  positive 
roflttlt 

Hence  the  work  of  compression  will  be  a  minimum  when 


or 


!>.'  = 

ypiPu 

Pt' 
Pi 

-  Pn 
p» 

Therefore 


Jk-l 


-=¥*»-.[fe)'-] 


or 


»-i 


22 


=¥•'•■  [(«)"-']  J 


(XCL) 


(XC3II4 
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It  follows  also,  from 


K_  JPt 
Px     Pt 

that 


/  % 


that  is,  the  final  temperatures  in  the  two  cylindera  are  equaL 

Sinoe 

k-\  Jfc-i 


?t=fe)  •=(!!) 


.  .  .  .  (xcm.) 


and  sinoe  for  a  single  cylinder  and  the  same  ratio  — , 

Pi 


*-i 


we  haye 


(xcrv.) 


Compating  the  work  of  compressioii  in  two  oylinden  with  that  in  one^  ts 
have 


.■  "'4(1:)°-'] 


2 


+1 


(XCV.) 


1-4(1!)  •-']  (g) 


or 


m 


(XCVL) 


+  1 


Now  ^  is  always  greater  than  1,  therefore  (  ^  )    +  1  is  always  greater  than 

2,  and  Lc,  the  work  of  compression  in  one  cylinder  for  the  same  limits  of  jii  and 
jPa,  is  always  greater  than  the  work  of  compression  in  two  cylinders. 

In  the  following  table,  the  ratios  y~  &nd  the  final  temperatures  in  deg^rees 

Fahrenheit,  for  one  and  two  cylinders,  are  given ;  it  being  i"«»">A^  that  f i 
=  409.4  +  68  =  537.4,  or  t^  =  68^  Fahrenheit 
We  find  r,'  from  XCHI. 


Tg  may  be  found  by  aid  of  the  table,  page  178. 
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TABLE, 

8R0WINO  FIKJLL  TEMPEEATUBE  FOB  ONE  Aim  TWO  CTLDmEBS  ASD  RATIO  -77  , 

* 

2'=  459.4  +  /, 


p% 

Final  temperatare 
In  dq^rees  Fahr. 

Li 

Pi' 

Final  temperature 
In  degrees  Fahr. 

U 

pr 

One 
cylinder 

Two 
cylindera 

One 
cylinder 

Two 
cylinders 

Lt ' 

2 

8 

4 

5 

6 

7 

8 

185.4 

265.9 

828.95 

881.7 

427.8 

467.9 

604.5 

128.8 
159.1 
185.4 
207.5 
224.5 
289.9 
258.6 

0.95 
0.92 
0.90 
0.88 
0.87 
0.86 
0.85 

9 

10 

11 

12 

18 

X%  •  •  •      •  •  • 

15 

588.0 

568.65 

598.8 

624.8 

650.2 

674.45 

697.2 

265.9 
277.0 
287.8 
296.8 
805.6 
818.9 
821.6 

0.84 
0.88 
0.88 
0.82 
0.82 
0.81 
0.80 

Friciwn  of  Air  in  Pipes. — The  oompreBsed  air  is  conyeyed  by  means  of  pipes 
from  the  reseiroir  to  the  point  at  which  it  is  desired  to  ntiliEe  it»  and  therefore 
there  is  a  certain  loss  of  pressure  due  to  friction. 

This  I08S  is  independent  of  any  changes  of  temperature  of  the  air.  It  is 
directly  proportional  to  the  length  of  the  pipe  and  the  square  of  the  Telocity,  and 
inyersely  as  the  diameter  of  the  pipe. 

Denoting  the  loss  of  pressure  due  to  friction  by  F,  we  have  from  experiments 
at  Mont  Cenis 


F=  0.00986 


uH 


(xcvn.) 


where  u  is  the  yelocity  in  feet  per  second,  I  the  length  of  pipe  in  feet,  and  d  the 
diameter  of  the  pipe  in  inches. 

In  conveying  the  air  through  the  pipe,  there  is  also  a  loss  of  power  due  to  the 
change  of  temperature.  If  we  denote  by  T^  the  temperature  at  the  point  of 
application,  we  have  for  this  loss 


^'  =  |(5.(r,-r,) 


(xcvin.) 


henoe  Tt  should  be  as  low  and  T^  as  high  as  possible. 

T%e  Compressed  Air  Engine, — The  compressed  air  arrives  at  the  end  of  the 
pipe  with  a  pressure  p,  and  at  an  absolute  temperature  J,,  while  G  pounds  of 
it»  the  amount  used  per  second,  occupy  a  volume  T,. 
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It  is  then  admitted  into  the  cylinder  of  the  oompreased  air  engine  and  does 
work,  its  condition  at  the  end  of  the  stroke  being  ^74',  7!|',  and  F4'.  The  exhaust 
then  opens  and  the  air  escapes  into  the  atmosphere,  its  state  changing  to  jp4,  jTi, 
and  F4. 

The  air  may  perform  work  in  the  cylinder  in  three  different  ways. 

1.  It  may  act  at  full  pressure  during  a  portion  of  the  stroke,  and  be  then  cot 
off  at  such  a  point  that  the  pressure  in  the  cylinder  falls  by  expansion  to  the 
pressure  of  the  atmosphere.    In  such  case,  ^4',  T4',  and  V^  become  equal  to  174, 

2.  The  air  may  act  at  full  pressure  during  the  whole  stroke.  In  this  case  p^', 
T4,',  and  T4'  are  equal  to  p^,  T^,  and  F,',  and  the  work  corresponding  to  the 
change  of  temperature  T,  —  T4  is  lost. 

8.  The  air  may  act  at  full  pressure  during  a  portion  of  the  stroke,  and  be  then 
cut  off  at  such  a  point  that  the  pressure  within  the  cylinder  is  reduced  indeed  by 
expansion,  but  not  to  the  pressure  of  the  atmosphere.  In  this  case  j?,  is  greater 
than  1^4',  andjp4'  is  greater  thaujpf. 

We  may  call  these  three  cases  respectiyely  : 

1,  CornpUU  expansion ;  d,  Futtpreaaun;  and  8,  Ineon^lete  esepanaian. 


1.  COMPLETE  EXPANSION. 

We  haye  to  deal  in  this  case  with  the  initial  conditions  p,,  F3,  and  jTs,  and 
the  fina^  conditions  ^4,  T4,  and  T^  of  G  units  of  weight  of  air,  the  amount 
used  per  second. 

^  IHncU  Temperatttre. — The  expansion  takes  place  between  the  Umits  j),  and 
j)4  according  to  the  adiabatic  law.    Hence 

or 


.    T, 


The  ratio  7=^  may  be  found  in  our  table,  page  178,  for  the  giren  value  of  ^ 

-*4  Pa 


Disposable  Work, — ^The  work  of  the  air  in  the  cylinder  is  made  up  of  two 
parts,  the  work  p.t  F3  at  full  pressure  plus  the  work  of  expansion.  The  dispos- 
able work  is  this  amount  less  the  work  of  the  back  pressoie  p^  Fc* 

Henoe 


Ld^PtYt  +  ^ev{T^  -  T;^-p^V^. 
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This  reduces,  as  we  haye  already  seen,  to 

» 

VolufM  of  tM  Cylinder. — ^We  haye  found  for  the  yolume  of  the  compressing 
cylinder 

In  an  entirely  analogous  manner  we  haye  for  the  yolume  of  the  cylinder  of 
the  air  engine 

V'^R^  ^ (XCIX.) 

where  n  is  the  number  of  reyolutions  per  second. 

Weight  of  Air  per  Second. — ^Let  N  denote  the  number  of  horse-power  per 
second  required,  and  7  denote  the  efficiency  of  the  engine.    Then  since 

we  haye  for  English  measures 

mN=p-^c,{T,-T,)i 

hence 

650^  N 


G  = 


t/cp    (T^-T,) 


8         N 
=  r'7* Tsr  powftde  per  second.  .    .    .    (C.) 

Efficiency  of  (he  Compressor  and  of  the  Engine. — Let  C  be  the  ratio  between 
the  work  of  the  compressor  Lc  and  the  work  of  the  air  engine  Ld.    We  haye  then 


^=1= 


»-l 


,.4-(l:)'] 

^■[-(-^-;f] 


(CL) 
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In  this  expression  the  ratio  of  the  terms  in  brackets  is  usaally  nearly  equal  to  L 

T- 
It  is  therefore  to  the  ratio  ■=-  that  we  must  look  for  any  increase  in  the  effi- 

-*• 
dency  of  the  combination  of  the  compressor  and  the  air  engine. 

Ti  is  usually  the  temperature  of  the  atmosphere  at  the  air  engine,  and  we  see, 
therefore,  that  to  increase  the  efficiency  we  must  decrease  Tf,  This  agrees  with 
what  has  been  said  in  discussing  the  compressor. 

A  rough  approximation  to  the  efficiency  in  any  given  case  may  be  arriyed  at 
by  placing 


C  = 


T,' 


The  values  thus  obtained  will  always  be  greater  than  the  true  Yalues,  and  the 
latter  will  approach  the  nearer  to  it,  as  the  loss  by  friction  in  the  pipes  is  less. 

For  the  si^e  of  future  comparison  merely,  we  give  in  the  following  table  the 
efficiency  for  complete  expansion  calculated  from  the  formula 


Ti  being  taken  equal  to  627.4"*  Fahr. 


Pi 

C. 

Pi' 

^. 

2 

0.82 
0.78 
0.67 
0.68 
0.59 
0.57 
0.55 

9 

0.63 
0.51 
0.50 
0.49 
0.48 
0.47 
0.46 

8 

10 

4 

11 

5 

12 

6 

7 

18 

14 

8 

15 

These  values  can  be  taken  directly  from  the  table,  page  171,  in  the  column 

T 
for  5^. 

In  practice  these  efficiencies  are  reduced  to  less  than  half  of  these  theoretical 
values.  For  if  we  denote  the  work  of  the  engine  that  works  the  compressor  by 
L,  and  the  work  performed  by  the  air  engine  by  L'y  and  assume  the  efficiencies 
of  the  compressor  and  air  engine  at  a  fair  average  at  0.70,  we  have 

Xrc  =  0.7A    and    Z'  =  9.72^,    henoe 


0.7 


1 


"^'^-rf-  ^       s 
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MoreoYer^  it  must  be  remembered  that  for  long  distances  the  term 


-fe) 


k 


-(li) 


EI 

k 


has  a  TBTj  oansiderable  influence,  and  reduces  the  value  of  C  "^rery  materially* 

Construction, — We  may  easily  deduce  formuls  for  the  cut-off  which  will  pro- 
duce complete  expansion. 

The  Yolume  of  air  at  the  pressure  p^  used  per  strc^e  Ib  -^ .    When  this  ex- 

iBn 

pands  to  the  pressure  p^y  the  volume  must  be  that  of  the  cylinder  P,  for  which 

we  have  already  deduced  a  value. 

We  have  by  the  adiabatic  law 

V 
From  our  table,  page  171,  we  can  find  the  value  of  2n  ^^,  for  any  given  value 

of  —,  in  the  odumn  for -^  . 

Let  now  iS^  be  the  stroke,  and  a  the  distance  traversed  by  the  piston  during 

admiflsioa  of  air.    Then 

1 


f=-ft=(l;) 


Let  09  be  the  f7»g"UT  velocity  of  the  crank,  and  t^  the  duration  of  admission. 
Then 


«  =  j^  (1  -  cos  ttJ^l), 


hence 


or 


1 

1 

«<,  =arc.co8ri-2^^y"l (CH.) 

If  the  time  of  entire  stroke  is  t,  we  have 

mt  =  ie=i  8.14^    and  hence 

t        oU        K 


344 


THERMOD  TNAMI08. 


In  the  last  colunm  of  the  table,  page  178,  we  have  given  the  Yolumes  of  -j, 
oalcnlated  for  the  corresponding  values  of  ^ ,  in  the  first  column. 


Air  Engines  with  Two  Cylinders  and  IntermedicUe  Reservoir. — ^We  have 
already  given  the  formula  for  the  final  temperature  2\,  for  complete  expansion 
(page  840),  viz.  : 

ft-i 


J^Z  \P%/ 


Assuming  T^  =  527.4'',  which  corresponds  to  60"*  Fahr.,  the  values  of  T^,  givan 
in  the  following  table,  may  easily  be  calculated  by  the  aid  of  table  on  page  178i 


TABLE 


FOB  FINAL  TEMPE&ATUKE   T4. 

T3  =  459.4  +  68  =  527.4. 


Pt 

P4' 

Final 

absolute 

temperature 

^4" 

Final 
temperature 
Faurenhelt 

Pt 

Final 

absolute 

temperature 

Final 
tempentnie 
Fahrenheit 

«4- 

2 

431.4 

883.5 

852.8 

830.7 

813.7 

299.98 

288.5 

-  28 

-  75.9 

-  106.6 

-  128.7 

-  145.7 

-  159.4 

-  170.9 

9 

278.9 
270.5 
263.1 
256.6 
250.7 
245.3 
240.5 

—  180.5 

8 

10 

188.9 

4 

11 

—  196.8 

6 

12 

—  202.9 

6 

13 

—  208.7 

7 

14 

—  214.1 

8 

15 

—  218.9 

In  discussing  the  air  compressor,  it  has  been  shown  that  the  final  temperature 
T,  could  be  reduced  by  compressing  in  two  separate  cylinders  connected  by  a 
cooling  reservoir  (pages  886,  887).  In  a  similar  manner  the  very  low  temperature 
^4)  given  in  the  preceding  table,  may  be  in  a  measure  avoided. 

The  air  expands  in  the  first  cylinder  to  a  pressure  p^'  which  is  greater  than 
p^.  It  then  passes  into  a  reservoir  and  is  heated  by  jets  of  hot  water,  under  the 
constant  pressure  p^\  to  its  original  temperature  ^3.  It  then  passes  into  the 
second  cylinder,  and  is  there  allowed  to  expand  to  the  pressure  j?4  of  the  atmos- 
phere. 

The  work  in  the  first  cylinder  is 
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The  work  in  the  second  cylinder  is 

Hence  the  total  disposable  work  is 

-=!•''•■  [-(ff-fef]- 

As  already  shown  (page  8d7X  ^^  ^^  ^^  terms  are  a  minimum  when 

P<  =  \/PaPa  *^^  ^A  is  then  =  T^*\ 
Hence  we  hare 


— i^-.L'-fe) '  ] 


ilr-l 


Since 


=a|„r.[.-(|i.)"'*"] ffw.) 


?-(#"  =  (#' <-> 


vehwre 


where  T^,  denotes  the  final  temperature  for  one  cylinder.    Comparing  the  work 
in  one  cylinder  with  that  in  two,  we  have 

an  expression  entirely  similar  to  XCVI.,  but  in  this  case  the  denominator  is  lees 
than  2,  and  L4  is  therefore  less  than  Lh* 

In  the  following  table  we  give  for  comparison  the  final  temperatures  t^  and  i^» 

in  Fahrenheit  degrees,  and  the  ratio  =- ,  for  different  values  of  ^ ,  T,  being 
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taken  =  527.4%  or  t^  =  68^  Fahr.    The  values  for  one  cylinder  are  taken  from 
the  table,  page  344,  and  for  two  can  be  calculated  from  GVL* 

Ti  =  459.4  +  68  =  527.4°. 


P9 

Pa' 

Final  temperature, 
Fahrenheit. 

One  cylinder. 

Final  tempentore, 
Fahrenheit. 

Two  cylinders. 

"X4- 

2 

-  28 

-  75.9 

-  106.6 

-  128.7 
-145.7 

-  159.4 

-  170.9 
-180.5 
-188.9 

-  196.3 
-202.9 
-208.7 

-  214.1 

-  218.9 

+    14.5 

-  10.2 

-  28.2 

-  41.8 

-  52.8 

-  61.7 

-  69.3 

-  75.8 

-  81.9 

-  86.9 

-  91.6 

-  95.7 

-  99.7 
-103.3 

1.04 

1.08 

1.10 

1.12 

1.13 

1.14 

1.15 

1.16 

1.166 

1.172 

1.177 

1.183 

1.19 

1.194 

8 

4 

5 

6 

7 

8 

9 

10 

11 ... 

12 

13 

14 

15 

2.  FULL  PRESSURE. 


The  action  of  the  compressed  air  at  full  pressure  is  as  follows  :  The  air  enteis 
the  cylinder  and  follows  the  piston  throughout  the  stroke  at  full  pressure  p^. 
The  pressure  and  volume  remain  the  same,  and  there  is  therefore  no  change  of 
temperature.  At  the  end  of  the  stroke,  the  exhaust  opens  and  the  pressure  of  the 
air  suddenly  falls  from  ^3  toj?4,  with  a  corresponding  lowering  of  temperature 
from  T^  to  T^. 

Thus  the  work  is  performed  within  the  cylinder  without  any  change  of  the 
internal  energy  of  the  air,  and  the  work  corresponding  to  the  change  of  temper- 
ature from  T3  to  T4  is  lost  in  the  exhaust. 

*  [Hr.  Willis  omits  at  this  point  a  discns^ion  by  Mons.  Pemolet,  from  which  he  deduces  sn 
expression  for  Uie  ratio  -^  of  the  efllciencies  of  a  single  and  double  cylinder  air  engine  with 

the  compressor.     The  result  obtained  is  ^  =  —= ,  which,  Mr.  Willis  observes,  is  oorrvct 

S         -'4 


Tt 


+  1 


as  far  as  it  goes,  bat  is  based  upon  the  snppositlon  that  ^=-^.    From  Eq.  CL  we  see  that 


k-\ 


mately  true  for  short  distances  only.] 


^  _  J    ,  and  hence  the  Talae  deduced  for  ^   ^7  ^*  P«™<>1^  i>  apporozi- 
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Ditpaaable  Work,— The  ayailable  or  disposable  work  for  one  second  is  equal 
to  the  pressore  j>j  less  the  back  pressure />4,  into  the  volume  V4  ;  F3  represent- 
ing  the  Yolume  of  the  weight  G  of  air  used  per  second  at  the  pressure  p^.  Hence 


But 


thereftxvB 


ii  =  y^iPt-p*}* 


•^  Pi 


i,=^(*-«.)r.(i-|;) 


=  Q8.868T.e' 


C-l:) 


(cvn.) 


in  English  meaBures, 

This  equation  gives  a  simple  value  for  the  disposable  work  in  terms  of  the 

initial  temperature  and  of  the  pressure  ratio 


Pi 


But  for  the  purpose  of  further  discussion,  it  is  desirable  to  obtain  an  expression 
of  the  form  -r  Cp  (T,  ~  T,),  as  is  the  case  for  complete  expansion. 
This  may  be  readil  v  done  by  placing 

where  T,  is  an  unknown  quantity,  and  (T,  —  T,)  denotes  the  degree  of  expan- 
sion which  would  give,  with  complete  expansiimy  the  same  disposable  work  as 
that  obtained  at  full  pressure. 

Solving  the  above  equation  we  obtain 

^  =  i  +^^^  =  0.71+0.29^  .    .    .    (CVm.) 
Tt      k         k     pt  p^ 

From  this  formula  the  values  in  the  following  table  have  been  calculated : 


P9 
J: 

Pa 

PiT 

2 

0.855 
0.807 
0.788 
0.768 
0.759 
0.752 
0.746 

9 

0.742 
0.789 
0.786 
0.784 
0.782 
0.781 
0.780 

8 

10 

4 

11 

5 

12 

6 

13 

7 

14 

8 

15 
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It  is  important  to  distinguish  that  Tt  and  T^^  the  temperatcire  of  exhaust  for 
full  pressure,  have  no  direct  relation  to  each  other. 

Thus 


*  T» 


while    i;!^  =  0.71  +  0.29^. 


T«  is  a  theoretical  temperature,  which  has  no  actual  existence  in  the  action  of 
the  air  at  full  pressure.  It  simply  means,  that  if  an  engine  worked  with  com- 
plete expansion  between  T^  and  Tx$  this  engine  would  do  the  same  work  as  the 
full-pressure  engine  does  between  T^  and  T4.* 


Final  Temperature. — The  final  temperature  T^  is  found  from 


T^        \pj 


k 


for  the  expansion,  on  opening  the  exhaust  takes  place  rapidly,  and  acoordmg  to 
the  adiabatic  law. 

This  relation  is  the  same  as  that  already  given  for  complete  expansion,  and 
the  values  of  T4,  in  table  on  page  844^  appIy  ^^  for  full  preesuie  for  the  same 

ratios  of  ^ . 
P 

Comparison  of  Efficiencies  for  Full  Pressure  and  Complete  Expansion.— Vfe 
have  already  found  an  expression  for  the  efficiency  of  an  air  engine  working  with 
complete  expansion,  and  its  compressor,  and  have  given  the  values  of  C,  calcor 
lated  from  the  approximate  formula 

^      Tm 

in  the  table,  page  842. 

If  we  denote  by  C  the  efficiency  of  an  air  engine  acting  at  full  pressure,  with 
its  compressor,  we  have 

g(e.-<.)r3(i-ji.) 


^4(lr)"'-'] 


*  [Mr.  Willis  calls  attention  to  this  point,  becanpe  Mons.  Pernolet  distinctly  states  that  TV  is 
7*4,  and  then  deduces  the  qaantities<  given  in  his  table  vili.,  p.  62  of  *"  Voir  oomprime^^^  ander 
this  assumption.    The  results,  therefore,  of  the  last  three  colunms  of  tliat  table  arc  incorrect.] 
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3^ 


Hence 


C  = 


__Cp  —  e9 


1-^ 


P3 _ 


<T 


(1:)^- 


=  0.39 


(l:) 


.    (CIX.) 


-1 


It  being  aasomed  that,  as  before, 


ri  =  T„    ^  =  :?^,  and    r,  =  627.4' 
Pi      P< 


Bfflclency 

Efficiency 

p% 

for 
complete        fnll 

*  • 

Pi 

for 
complete  j       fnll 

C 

P* 

expansion 

preesare 

i 

Pa 

expansion  i  prfSfore 

i  • 

i. 

r. 

f. 

r. 

2 

0.82 

0.65 

0.79 

9 

0.58 

0.29 

0.66 

8 

0.78 

0.51 

0.70 

10 

0.51 

0.276 

0.54 

4 

0.67 

0.44 

0.66 

11 

0.50 

0.26 

0.52 

6 

0.68 

0.89 

0.62 

12 

0.49 

0.25 

0.51 

6 

0.59 

0.85 

0.59 

18 

0.48 

0.24 

0.60 

7 

0.57 

0.88 

0.58 

14 

0.47 

0.23 

0.49 

8 

0.56 

0.81 

0.56 

15 

0.46 

0.227 

0.49 

Weight  of  Air  per  Second. — ^If  N\s  the  number  of  hone-power  required,  and 
p  the  eiBciency  of  the  air  engine,  we  have 


vLd  =  650^=  1768.2686'r, 


e-s) 


Henoe 


6f= 


660 
68.268 


N 


vTt 


('-£) 


=  10.826 


N 


vTt 


Mi) 


.    .    (CX) 


in  English  measures. 
Or  we  may  place 


i;Xrf  =  J7^«p(r,-!r,)  =  660Jf, 


whence 


^  = 


650^ 


N 


vTt 


('-^) 


=  8 


N 


vTt 


('-^) 


jrr.    .    .    (CXL) 


hi  English  meatorM. 
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This  last  expression  is  perfectly  similar  to  Equation  C,  page  841,  for  oom- 
plete  expansion. 

VolufM  of  tJie  Cylinder.—ThQ  volume  of  the  cylinder  is  5^ ,  n  denoting  the 
number  of  revolutions  per  second.    From  the  formida 


we  obtain 


2n        2  nTfipt-p^)  n^d?, -pj* 


Or  we  may  place 


v  —  Y±.  —  "^  J?  ^' 


8.  INCOMPLETE  EXPANSION. 

When  the  air  is  cut  off  at  such  a  point  that  the  pressure  at  the  end  of  the 
stroke  is  stUI  greater  than  that  of  the  atmosphere,  we  have  to  deal  with  three 
sets  of  conditions,  viz., 

1.  The  initial  conditions,  p^,  F3,  and  Ta. 

2.  The  conditions  at  the  end  of  stroke,  ^4',  V^,  T4,'* 
8.  The  oonditions  at  exhaust,  p^^  1*4 ,  F4. 

Disposable  TTorA;.— The  disposable  work  is  the  work  at  full  pressure,  p^  Ft» 
plus  the  work  of  expansion  -7  CvCI*!  —  jTiO*  less  the  work  of  the  back  presBora 

JP4  V^\    Hence 

« 

^4  =Pz  ^J  +  2  *^  <^«  ^  ^♦'^  "P*  ^*'- 


This  expression  is  not  convenient  for  use,  hence  we  seek  a  theoretical  quantity, 
Ttt  which,  inserted  in  the  expression  for  disposable  work  for  complete  expansion, 
will  give  the  same  value  for  Ld  as  would  be  obtained  by  the  expression  above. 
This  is  precisely  similar  to  what  we  have  done  for  full  pressure.  We  obtain  Tm 
from  the  expression 

Substituting  for  F,  and  F4' their  values,  ^  (<^  -  cj  —  and^(Cp-o,)^, 
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and  divided  through  by  -r ,  we  obtain 


or  by  reduction 


whence 


This  expression  is  the  same  as  GYIII.,  found  on  page  847,  for  fall  pressore. 

T 
Therefore  the  valnes  given  in  the  table  on  page  847|  for  -sf  hold  good  here  also 

T 


We  hATe  then 


and 


i«=|Mr.-r.)=|^r.(i-|) 

x«=|«,r.(i-|,|:) (cxm.) 


The  valnes  of  -^  and  -^  are  easily  found  from  the  tables  on  pages  846  and 

847.  when  the  ratio  -^  and  —.  are  given. 

Pt         Vk        • 

yftighi  of  Air  ^  Second  and  Volufne  of  Cylinder.—'Piom  the  lonnnk 

Xtf=~tf^(ra-7;)  =  ?^weobtain 

^_      mAN      _B        N  (Cmv^ 

in  English  measures. 

This  expression  agrees  exactly  with  that  given  on  page  841  for  complete  ex- 
pansion* 

For  tlM  volume  of  the  cylinder  we  hare 
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If  in  this  expression  we  sabstitute  for  G  the  yalnes  just  deduced,  we  get 

v  —  a7S  ^z* ""  ^^   -"  ^4^ 

-'"'*     e,       7jn  p,' (T,  -  T-y 


dnoe  for  R  ve  can  substitute  -^ — - .    This  reduces  to 


7'=975^  — 


k     v»         T,  /^      T.\' 
P* 


or 

Oraphie  JtepresefUaiion  of  t?is  Theory  of  Compressed  Air  Engines.-^The  gen- 
eral expression  for  the  available  work  of  an  air  engine,  which  includes  all  three 
cases  of  complete  expansion,  full  pressure,  and  incomplete  expansion,  is  then  the 
Eq.  CXIII.,  found  on  page  851,  yIz., 

L.-^^eT   (l       ^'-^ 

or  in  English  measures 

U  =  183.356^^,  (1-57  jr^  J  ....    (CXVL) 
We  hare  shown  that 

^  =  0.71  +  0.89^,, 
and 


Substituting  these  values  we  obtain 


Ztf  =  188.856'!r,  Pi  -  ^0.71  +  0.29|^^  (^^  '^      I, 
whence 


•  [Thl»  expref  elon,  Mr.  Willis  obtervcs,  corresponda  to  that  given  by  Mons.  Pcrnolet,  p.  W 
of  *'  Vair  eomprime,  bat  the  Iwjter  is  defective  In  that  it  contains  no  factor  rapresenttng  the  effl- 
dencj  of  the  air  engine.] 
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wehaTB 

y  =  1  -  (0.71  H- 0.2ftr) -^ (CXVm.) 


which  is  the  equation  of  a  surface  whose  co-ordinates  are  x,  y,  and  s. 

If  in  this  equation  we  suppose  z  known,  and  therefore  —  =  a  oonstant  =  O, 

we  have 

y  =  1  -  (0.71  +  0.2»a?)  C, 

which  is  the  equation  of  a  straight  line. 

Hence  if  we  give  to  z  various  values  from  1  up  to  any  desirable  limit,  we  shall 
get  a  corresponding  number  of  equations  of  straight  lines,  in  which 

La 

y  = 


188.856^r 
depends  upon  the  disposable  work  and 

p* 

Since  s=^,   and   0;  =  ^,  we  have 
P*  Pa 


M       0) 

-  =-— ,    or 


p*  =  lPi ^(cxn.) 

N6w|>4  ^  the  pressure  of  the  exterior  air  =  1  atmosphere.  Hence  the  initial 
pressure 

Let  us  assume  that  we  have  given  the  number  of  disposable  foot-lbs.  of 
work  required  per  second,  the  weight  ^  of  air  to  be  used  per  second,  and  the 
initial  temperature  T^.    From  these  data  we  can  calculate  y. 

If  now  we  have  a  diagram  upon  which  are  drawn  the  lines  whose  equations 
ere  of  the  form 

y  =  1  -  (0.71  +  0.2ftt)  (7, 

T76  can  read  off  from  it  the  values  of  x  and  z  that  will  give  the  desired  value  of 

y.    In  other  words,  we  can  find  at  once  the  initial  pressure  -  in  atmospheres,  and 
28  * 
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the  degree  of  expansion  z  =  —,  that  will  give  the  required  power  with  the  given 

weight  of  air  per  second. 

Such  a  diagram  has  been  constructed  (see  diagram  at  end  of  this  chapter),  in 

which  the  values  of  z  or  —,  range  from  1  up  to  10. 

Construction  of  the  Diagram. — Let  the  plane  of  the  paper  upon  which  the 
diagram  is  drawn  be  a  horizontal  plane,  whose  vertical  ordinate,  referred  to  the 
same  origin  as  the  surface,  is  e  =  1.  The  equation  of  the  surface,  when  z  is  con- 
stant, that  is,  when  — ,  is  given,  is  the  equation  of  a  straight  line» 

y  =  1  -  (0.71  +  0.29x)  a 

If  now,  in  this  equation,  we  fix  the  value  of  x,  and  calculate  the  correspond- 
ing value  of  y,  we  can  construct  a  point  of  this  line.  By  finding  two  such  points 
we  can  draw  the  line. 

The  most  convenient  values  toTXOiex  =  0  and  a;  =  1.    These  give  us 

fora?  =  0,       y  =  l- ^^  =  1--- — -^^--^  =  1-0.71-^, 


fer 


and 


1  T ' 

fora:  =  l,       y  =  l--— =  1 — ^. 

Z^  J.  3 


Now  for  any  given  values  of  z  or  -^  we  can  find  -Jr  ^di  ^^  table  on  page 

P\  -'a 

T 
173,  under  the  head  oi—^  and  thus  can  easily  calculate  y, 

^^ 
The  second  result  is  given  by  the  intersection  of  the  horizontal  line  0.28  with 

the  line  «  =  2.    The  value  of  a;  is  0.61.    Hence 

j>3  =  —  =  -^-s^  =  8.27  atmospheres. 

That  is,  if  the  cut-off  is  such  that  the  pressure  is  reduced  by  expansion  to  i,  the 
engine  will  give  50  H.  P.  with  one  pound  of  air  at  an  initial  pressure  of  8.S7 
atmospheres. 

The  third  intersection  gives  us  ir  =  8  and  x  =  0.95,  hence 

I,,  =  i  =  8.16  atmospheres. 

There  are,  of  course,  many  other  degrees  of  expansion,  with  their  correspond- 
ing initial  pressures,  intermediate  between  those  just  found,  that  will  give  the 


COMPRESSED  AIR  ENGINE— DIAGRAM. 


355 


nqnired  result,  but  which  do  not  appear  on  the  diagram  because  the  diagonal 
lines  corresponding  to  the  ratio -^  are  not  drawn. 

In  order  that  the  initial  pressure  may 
be  found  for  any;  degree  of  expansion, 
the  curves  zBC  and  x-^B'C*  are  intro- 
duced. 

These  are  obtained  as  foUows : 

If  we  intersect  the  surface  whose  equa- 
tion 18 

y  =  l-(0.71  +  0.2fti;)-i- 

by  any  plane  parallel  to  the  plane  YOZ, 
X  is  for  that  intersection  a  constant,  and 
the  equation  of  the  curve  of  intersec- 
tion is 

Sr  =  1  -  (0.71  +  0.2»a)i  .  yi^,  B7. 


The  values  of  y  can  then  be  laid  off  npon  the  vertical  lines  X^  Fand  JTi  T'  in 
the  diagram*  and  the  straight  lines  EE'  drawn  through  each  two  points  which 
have  a  comnion  value  for  Z. 

For  each  of  these  lines  zz'  there  is  a  certain  given  value  for  z  or  —, ,  hence 

^  Pa 

each  line  corresponds  to  a  given  degree  of  expansion,  which  is  denoted  by  the 
figures  1,  2,  8,  etc.,  written  at  the  intersections  of  the  lines  with  a;,y'. 

To  illustrate  the  use  of  this  portion  of  the  diagram,  let  us  assume  a  case. 

Given  an  engine  of  50  H.  P.  which  is  to  use  1  pound  of  air  per  second.  Re- 
quired the  amount  of  expansion  and  initial  pressure  which  will  give  this  re- 
sult 

We  haye  2/^  r=  550  x  50  =  27500  ft.-lbs.,  and  we  may  assume  T,  =  527.4*" 
Fahr.    We  have  then 


^^  188.85<?r,  ""  188.85  x  1  x  527.4  ""   '    * 


Find  0.28  on  the  line  XoF,  and  following  It  horizontally  across  the  diagram, 
we  can  determine  three  methods  of  arriving  at  the  desired  result. 

The  horizontal  line  first  intersects  the  diagonal  line  for  2  =  1,  or  the  line  of 
full  pressure,  at  a  point  whose  abscissa  is  2;  =  0.082.    Hence 


•^         X 


0.082 


r=  81.25  atmospheres. 


That  is,  if  the  engine  works  at  full  pressure  and  uses  1  pound  of  air  per 
oond,  the  air  must  have  a  pressure  j9j  =  81.25  atmospheres  to  give  50  H.  P. 
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If  now  we  make  re  =  a  =  0,  and  z=iaf  =  1,  we  shall  get  the  equations  of  two 
intersections  of  the  surface,  Tiz,, 


and 


for  a;  =  0,       y  =  1  -  "ir- » 


iOTX=:lf  y=l  — -jj-, 


If  we  revolye  the  intersecting  plane  about  its  line  of  intersection  with  the 
drawing  paper,  the  curve  of  intersection  with  the  surface  takes  the  positions  zBC 
andjTjB'C". 

In  this  position  we  can  construct  them,  remembering  that  since  the  plane  of 
the  drawing  paper  is  assumed  to  have  a  vertical  ordinate  £  =  1,  we  must  lay  off 
z  —  l  instead  of  z  in  the  direction  ZqX^  from  a;,,  and  x^. 

If  now  we  have  any  value  for  Zy  whose  diagonal  line  is  not  given  in  the  dia- 
gram, we  seek  the  points  on  the  curves  EBC  and  XiB^C  which  correspond  to 
this  desired  £r,  and  project  these  points  upon  the  lines  Xi^y  and  Xxy'.  Connecting 
these  two  projections,  we  have  the  desired  diagonal  line,  and  may  then  proceed  to 
find  the  initial  pressure  that  will  give  any  desired  power  with  this  amount  of 
expansion. 

It  may  be  required  to  find  the  initial  pressure  which  will  give  some  desired 
power  at  complete  expansion. 

In  this  oa8e^4'  =^74,  and  therefore 


hence 


0?  =  ^,  =  !: 


Pi  =—  —Z 
^  X 


Having  f onnd,  therefore,  from  given  data,  the  value  of  y,  for  instance,  in  the 
example  assumed,  y  =  0.28,  we  follow  the  corresponding  horizontal  line  across  to 
its  intersection  with  the  curve  XyB'C\  for  in  the  equation  of  this  curve  :r=  1. 
The  value  of  z  for  the  point  of  intersection  is  read  off  on  the  bottom  line  of  the 
diagram,  and  we  havep,  =r  z  atmospheres,  or,  in  the  assumed  example,  j»j  =  8.12 
atmospheres. 

The  case  may  arise  in  which  we  have  given  the  desired  power,  the  weight  of 
air  per  second,  and  the  initial  pressure,  required  the  amount  of  expansion. 

We  havdjp,  =  — ,  hence  %  tsp^x. 


If  therefore  we  can  draw  upon  the  diagram  curves  of  constant  initial  preasme, 
from  which  for  a  given  y  we  can  readily  find  x^  z  is  easy  to  calculate. 

Such  curves  are  drawn  upon  the  diagram.    To  construct  them,  we  take  tibe 
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equation  x  =  — .     For  instance,  assume  p^  =  10  atmospheres,  and  ffiye  to  z 

Pi 
various  values  from  1  up  to  10. 

For  each  value  of  z  we  have  a  value  of  x,  which  we  can  fix  on  the  diagonal 

corresponding  to  that  2.    Through  the  points  thus  obtained  we  draw  the  curve. 

If  now  we  desire  to  know  the  degree  of  expansion  that  will  give  50  H.  P.  from  1 

pound  of  air  per  second  at  an  initial  pressure  of  10  atmospheres,  we  have  as 

before  y  =  0.28.    Following  this  horizontal  line  to  its  intersection  with  the  curve 

of  constant  initial  pressure  j^s  =  10  atmospheres,  we  get  x  =  0.118,  hence 

»  =  1^  =  jj,«  =  1.18. 

There  are  one  or  two  points  connected  with  the  diagram  to  which  it  is  well  to 
call  attention. 

A  small  variation  in  the  value  of  x  makes  considerable  difference  in  the  degree 
of  expansion.  That  portion  of  the  diagram  upon  which  x  is  read  off,  is  therefore 
drawn  on  a  scale  twice  that  assumed  forz.  For  the  same  reason  the  scale  upon 
which  y  is  measured  is  very  much  greater  than  either  of  the  others.  The  scale 
for  measurement  on  the  curve  EEC  is  the  same  as  that  for  XiB'C,  and  is  found 
at  the  top  of  the  diagram. 

VaricUiona  of  Work  with  Different  Degrees  o/ JTirpewwion.— Referring  to  the 
diagram,  we  see  that  the  curves  of  constant  initial  pressure  have  a  horizontal 
tangent  at  their  intersections  with  the  line  of  complete  expansion  Xiy',  where 
X  =  1,  and  that  their  curvature  is  slight  for  some  distance  from  this  point.  Since 
y,  the  representative  of  the  disposable  work,  is  measured  vertically,  we  see  that 
the  loss  of  work  is  not  very  great  when  the  expansion  is  not  complete  within 
certain  limits.  Assume,  for  instance,  that  we  have  an  engine  working  with  com- 
plete expansion  and  initial  pressure  =  10  atmospheres.  We  find  y  =  0.487. 
Assume,  now,  that  with  the  same  initial  pressure  we  cut  off  at  such  a  point  that 

«  =  ^  =  5.    Then  a;  =  —  =  0.5.    Seeking  on  the  diagram  for  the  curve  of 

P*  Pi 

constant  initial  pressure  p^  =  10,  the  value  of  y  for  the  abscissa  x  =  0.5,  we  find 

y  =  0.483. 

The  loss  of  work  is  then  0.487  -  0.418  =  0.05  per  cent.  The  point  of  cutK)fl 
is  readily  found  from  the  equation 


Referring  to  table  on  page  173,  we  find  for  ^  =  5,  -^  =  0.819. 

P*  ^9 

That  is,  cutting  off  at  about  i  the  stroke,  we  lose  but  0.05  per  cent,  of  the 
work. 

Influence  of  the  Vapor  of  Waier  Contained  in  the  jltr.— The  preceding  dis- 
cussion has  been  based  on  the  assumption  that  the  air  acted  upon,  or  acting,  was 
dry,  and  followed  the  laws  of  perfect  gases. 
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In  practice  water  is  always  injected  into  the  compressing  cylinder,  to  keep 
down  the  final  temperature,  and  the  working  medium  is  therefore  a  mixture  of 
water  with  air  saturated  with  vapor  of  water.  M.  Pemolet  has  discussed  at 
length  the  influence  of  water  and  its  vapor  upon  the  work  of  compression,  the 
disposable  work  of  the  compressed  air,  the  final  temperature  in  the  oompressor 
and  the  air  engine,  etc.    He  concludes  from  his  discussion, 

1.  That  the  infiuence  of  the  vapor  of  water  upon  the  work  of  oompressioii,  as 
well  as  upon  the  disposable  work  of  the  compressed  air  is  relatively  slight,  and 
can  be  neglected  in  all  approximate  calculations  for  which  the  formulas  deduced 
for  dry  air  are  sufficiently  correct 

2.  Vapor  of  water  in  the  compressor  and  in  the  air  engine  reduces  materiallj 
the  final  temperature  of  compression,  and  raises  the  final  temperature  of  expan- 
sion. 

The  assumption  that  compression  and  expansion  take  place  according  to  the 
adiabatic  law  is  also  not  strictly  true,  because  the  walls  of  the  cylinder  are  always 
either  receiving  heat  from  or  imparting  heat  to  the  air. 

An  analysis  of  this  question  by  M.  Mallard  shows  that  the  quantity  of  heat 
thus  transmitted  is  small,  and  may  be  neglected. 

Thus,  for  all  practical  purposes,  the  formulas  deduced  for  dry  air  acting  adia- 
batically  are  sufficiently  accurate. 
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1.  If  the  specific  heat  of  mercury  under  constant  pressure  is  0.088,  how  many 
pounds  at  the  temperature  of  340^  will  be  necessary  to  raise  12  pounds  of  water 
from  50'  to  Sd''  ?  Ana.  16  lbs. 

2.  Let  w  be  the  weight  of  one  body,  i"  its  temperature,  and  c  its  specific  heat 

Let  u^  be  the  weight  of  a  second  body,  <""  its  temperature,  and  e'  its  specific 
heat 

What  18  the  temperature  x  of  the  mixture  ?  Ana.  z=  —    -    -..-. 

'^  we  +  vfcf 

8.  Reduce  -•  40'  Fahrenheit  to  Centigrade.  Ans.  —  40% 

Beduce  -  278'  G.  to  Fahrenheit  Ana,  —  459.4. 

4.  How  do  you  reduce  generaUy  Fahrenheit  to  Centigrade  degrees  ? 

Ana,  If  0.  =  F.  —  82. 

5.  What  outer  work  is  performed  when  1  kilogram  of  air  is  heated  under  the 
pressure  of  the  atmosphere  from  0"*  to  1"  C  ?  Ana.  29.272  meter-kit 

6.  What  outer  work  is  performed  when  1  pound  of  air  is  heated  under  the 
pressure  of  the  atmosphere  from  0'  to  1**  F.  ?  Ana.  58.299  foot-lbs. 

7.  If  the  specific  heat  for  air  under  constant  volume  is  0.16847,  and  under 
constant  pressure  0.23751,  what  is  the  mechanical  equivalent  of  heat  in  French 
measures  r  Ana.  424  meter-kil. 

8.  If  10  cubic  feet  of  air  are  heated  from  0°  to  lO""  C,  what  is  the  new  vol- 
ume ?  Ana.  10.367  cubic  feet 

9.  What  is  the  density  ?  Ana.  0.9646. 

10.  If  two  kilograms  of  water  are  heated  under  atmospheric  pressure  from  0** 
to  100°  C,  what  expenditure  of  work  is  oqmvalent  to  the  heat  imparted  ? 

Ana.  84800  meter-kit 

11.  What  is  the  weight  of  8  cubic  meters  of  air  at  atmospheric  pressure  and 
20'  C.  temperature  ?  Ana.  3.615  Kilograms. 

12.  What  is  the  volume  of  2  kilograms  of  air  at  the  temperature  of  100°  C, 
and  pressure  of  2  atmospheres  ?  Ana.  1.0565  cubic  meters. 

18.  What  is  the  pressure  of  4  kilograms  of  air,  when  the  volume  is  2  cubic 
meters  and  temperature  200°  C.  ?  Ana.  27691.3  kil. 

14.  What  is  the  temperature  of  8  kilograms  of  air,  when  the  pressure  is  6 
atmospheres  and  volume  2  cubic  meters  ?  Ana.  256.55"*. 

15.  What  work  b  performed  by  10  kilograms  of  air  at  2  cubic  meters  volume, 
and  5  atmospheres  pressure,  when  it  expands  to  6  cubic  meters,  overcoming  an 
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outer  pressure  equal  at  any  moment  to  the  tension,  the  temperature  being  kept 
constant  ?  Ana.  118581  meter-kil. 

What  is  the  constant  temperature  during  expansion  ?  Ana.  80°  G. 

What  is  the  final  pressure  ?  Ans,  1.66  atmos. 

How  much  heat  must  have  been  imparted  during  expansion  in  order  to  keep 
the  temperature  constant  ?  Ana,  267.76  heat  units. 

16.  If  3  kilograms  of  air,  haying  the  volume  of  8  cubic  meters,  expands  as 
above,  performing  work,  from  the  pressure  of  4  atmospheres  down  to  one  atmos- 
phere, and  the  temperature,  during  expansion,  remams  constant,  what  is  the 
work  done  ?  *  Ana.  171895  meter-kiL 

What  is  the  constant  temperature  during  expansion  ?  Ana.  1845°  G. 

What  is  the  final  volume  ?  Ana.  12  cubic  meten. 

How  much  heat  must  have  been  imparted  during  expansion  ? 

Ana.  405.4  heat  unitsL 

17.  If  a  blowing  engine  changes  per  second  10  cubic  feet  of  air,  at  a  pressare 
of  28  inches,  into  a  blast  at  a  pressure  of  80  inches,  what  is  the  woric  per  second  ? 
Ana.  19i6C.4  foot-lbs.,  or  189  meter-kil.  per  sec.,  or  about  2.5  horse-power. 

What  is  the  volume  after  compression  of  the  10  cubic  feet  ? 

Ana.  9.88  cubic  feet. 

If  the  temperature  is  60°  F.,  what  is  the  weight  of  10  cubic  feet  ? 

Ana.  0.71404  lbs. 

How  much  heat  must  have  been  abstracted  during  compression? 

Ana,  1.77  heat  units  per  second. 

18.  If  one  kilogram  of  air  is  heated  under  the  pressure  of  the  atmosphere 
from  0°  to  1°  C,  how  much  work  does  it  perform  during  expansion? 

Ana,  29.272  meteivklL 

19.  If  one  pound  of  air  is  heated  under  the  pressure  of  the  atmosphere  from 
82°  to  88''  Fahrenheit,  how  much  work  does  it  perform  during  expansion? 

Ana,  58.268  foot-lbs. 

20.  What  is  the  weight  of  one  cubic  foot  of  air  at  atmospheric  pressure  and 
82'  F.  temperature  ?  Ana.  0.08073  lbs. 

21.  What  is  the  weight  of  one  cubic  meter  of  air  under  the  same  pressure  and 
0°  C.  temperature  ?  Ana.  1.29818  klL 

22.  If  under  the  piston  of  a  steam  ene^ine,  whose  diameter  is  16  inches,  there 
is  a  quantity  of  steam  15  inches  hieh  ana  at  a  tension  of  8  atmospheres,  and  if 
this  steam  in  expanding  moves  the  piston  25  inches,  what  is  the  work  done,  if 
we  assume  Mariotte's  law  to  be  true  for  the  expansion  of  steam?  and  what  is  the 
mean  force  upon  the  piston  when  we  neglect  friction  and  the  opposing  pressure? 

Ana.  10866  foot-lbs.    5217  pounds. 

28.  If  a  given  weight  of  air,  say  2  kilograms,  at  a  temperature  of  80"  C.  ex- 
pands adiabaticaJly,  performing  work,  till  its  volume  is  doubled,  what  is  the  final 
temperature  ?  Ana.  —  44.9''. 

What  is  the  original  volume?  Ana.  1.72  cubic  meters. 

What  is  its  final  pressure  if  the  initial  pressure  is  1  atmosphere? 

Ana.  0.88  atmosphere. 

What  work  does  it  perform?  Ana,  1071465  meter-kilograms. 

^    24.  What  is  the  0.  equivalent  of  15°  F.  ?  Ana.  -  9.444. 

X  26.  Zinc  boils  at  1204°  F.,  mercury  at  608°  F.    Change  these  readings  to  G. 

Ana.  650°  C.  and  820°  G. 
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).  Chan^  the  f  oUowing  readings  :  Polished  steel  is  of  a  deep  blue  color  at  ^ 
680^  F. ;  polished  steel  is  of  a  pale  straw  color  at  460"  F.  ;  sea-water  freezes  at 
W  F.  Ana.  804.6"  C. ;  287.75'  C. ;  -  2.2'  C. 

27.  At  0'  C.  a  cast-iron  beam  is  12  feet  long.    What  is  its  length  at  1000'  C,  ^ 
sapposing  the  law  of  similar  increments  to  hold  for  that  temperature? 

Am.  12.18524  feet 

28.  At  25'  G.  a  bar  of  wrought  iron  was  16  feet  long.    What  is  its  length  at  , 
96*"  C.  ?  Am.  16.01408 /eet      ^ 

20.  By  how  much  would  the  length  of  a  submarine  copper  cable  it  0'  shorten, 
if  the  temperature  became  -  20'  C.  ?  Am.  0.0008484  of  the  length  at  0\      ^ 

80.  A  wheel  of  wrought  iron  has  an  inside  diameter  of  6  feet  when  at  the  <  / 
temperature  of  970'  C.    What  is  its  diameter  at  0'  ?  Am,  4.0  feet 

• 

81.  A  cylindric  plug  of  copper  lust  fits  into  a  hole  4  inches  in  diameter  in  a 
piece  of  cast  iron.    After  heating  the  mass  to  the  temperature  of  1240',  by  how  ^ 
much  is  the  diameter  of  the  hole  too  small  for  the  plug  ?     Am.  0.0208  inches. 

82.  Two  rods,  one  of  copper  the  other  of  iron,  measure  0.8  decimeters  each  in 
length  at  0'.    What  is  their  difEerence  in  length  at  57'  ?  I 

An8.  0.0027  decimeters. 

88.  The  wooden  pattern  of  a  cast-iron  beam^  must  be  longer  than  the  casting 
at  0'.  For  a  beam  12  meters  long  at  0',  what' is  the  length  of  pattern  ?  Cart 
iron  melts  at  1580'  C.  i  Am.  12.207  meters. 

84.  What  amount  of  work  is  involved  in  lifting  TO  lbs.  6  feet  hi^h  ? 

A718.  420  foot-pounds. 

85.  What  work  is  involved  in  lifting  0000  cubic  feet  of  water  46  feet  ?  (A 
cubic  foot  of  water  weighs  62.4  lbs.)  Ana.  25888600  foot-pounds.       I 

How  many  units  of  heat  (English)  does  this  correspond  to  ?       Ana.  88468. 

• 

86.  What  work  is  involved  in  a  piston  moving  6  feet  under  an  efiPective  pressure 
of  17  lbs.  per  sq.  inch,  its  area  being  1670  sq.  inches  ?  Ana.  170840.    ' 

87.  The  piston  of  a  steam  engine  is  21  inches  in  diameter,  stroke  6  feet,  mean 
pressure  16  lbs.  per  sq.  inch ;  the  engine  makes  40  revolutions  per  minute. 
What  is  the  horse-power  (English)  ?  Am.  80.6144. 

88.  What  time  will  be  taken  by  a  steam  engine  of  04  H.  P.  to  lift  5860  tons 

of  water  20  feet  ?  Am*  114  minutes. 

» 

80.  How  many  heat  units  (English)  per  hour  are  involved  in  the  idea  of  62      * 
B.  P.  ?  Am.  88012.82. 

40.  A  cubic  mile  of  water  is  to  be  lifted  from  a  depth  of  2  feet  in  800  hours. 
How  many  H.  P.  of  a  steam  engine  is  necessary  ?  A  cubic  foot  of  water  weighs 
02.4  lbs.  ' ,  Am.  11507.6  H.  P. 

41.  The  resistance  of  friction,  etc.,  to  a  train  is  a  force  equivalent  to  the 
weight  of  600  lbs.  How  many  H.  P.  of  the  locomotive  will  draw  the  train  at  the 
rate  of  85  miles  an  hour  ?  Am.  56  H.  P. 

42.  How  many  cubic  feet  of  water  will  an  engine  of  10  H.  P/vtise  from  a 
depth  of  150  feet  in  24  hours  ?  Am.  50770  cubic  feet 

48.  What  work  is  performed  on  a  train  weighing  500  tons  in  8  miles  of  a  level 
road,  the  resistance  to  traction  being  ft  .-th  of  the  K>ad  ?  If  this  work  were  done 
in  6  minutesj  what  would  be  the  H.  P.  of  the  engine  ? 

Am.  65786000  foot-pounds.    882  H.  P. 
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■ 

44.  Suppose  the  resistance  to  the  progrefs  of  a  vessel  weiring  1260  tons  to  be 
18  lbs.  a  ton  when  the  speed  is  6  knote,  and  that  the  resistance  varies  as  the 

Xire  of  the  speed  ;  what  work  will  be  done  by  a  vessel  in  5  nautical  mUes,  and 
t  will  be  the  H.  P.  of  the  engine  when  the  speed  is  12  knots  ?  There  are  6080 
feet  in  a  nautical  mile,  and  a  knot  is  a  velocity  of  one  nautical  mile  per  hour. 

Am.  About  2757894000  ;  33^.88  H.  P. 

45.  What  amount  of  work  will  be  spent  in  the  friction  of  a  weight  of  6  tons 
dragged  along  a  level  table  for  a  length  of  7  feet,  when  the  coefficient  of  friction 
is  0.^5  ?  what  will  be  the  H.  P.  of  an  engine  which  would  do  this  work  in  one 
second  ?       -  Am.  22108.8.  40.19  H.  P. 

46.  In  a  cylinder  we  have  2  kilograms  of  air  at  a  tension  of  1^  atmospheres 
and  a  temperature  of  SO"*  C.    What  is  the  volume  of  this  air  ? 

Ana.  1.14486  cubic  meters. 

If  this  air  expands  adiabatically  tDl  the  tension  is  1  atmosphere,  what  will  be 
the  final  temperature  ?  Ana.  —  8.77*". 

What  will  be  the  final  volume  ?  Ana.  1.5258  cub.  meters. 

What  work  does  it  perform  ?  Ana.  4824  meter-kil. 

How  many  units  of  heat  disappear  ?  Ana.  11.88  heat  units. 

47.  If  3  cubic  meters  of  air  at  150**  and  a  pressure  of  4  atmospheres  expands 
adiabatically  to  double  its  former  volume,  what  is  the  final  temperature  ? 

Ana.  45.85". 
What  is  the  weight  of  this  air  ?  Ana,  10  kiL 

What  is  the  work  performed  ?  Ana.  74856  meter-kiL 

48.  If  10  kilograms  of  air  occupy  a  space  of  2  cubic  meters,  under  a  pressure 
of  6  atmospheres,  what  must  be  the  temperature  ?  Ana.  150.64''. 

If  it  expands  adiabatically  till  the  final  temperature  is  48%  what  is  the  final 
volume  ?  Ana.  8.94  cub.  meters. 

What  is  the  final  pressure  ?  Ana.  2.8  atmos. 

What  is  the  work  done  ?  Ana,  73816.8  meter-kiL 

49.  Two  kilograms  of  air  at  10"  is  heated  under  constant  atmospheric  press- 
ure till  the  temperature  is  80".    What  is  the  initial  volume  ? 

Ana.  1.608  cub.  meters. 

What  is  the  final  volume  ?  Ana.  2  cub.  meters. 

What  is  the  work  done  ?  Ana.  4098  meter-klL 

> 

What  is  the  heat  imparted  ?  Ana.  88.25  heat  units. 

Of  this  heat  how  much  disappears  as  outer  work?        Ana.  9.66  heat  units. 

50.  Four  kilo^ms  of  air  at  20"*  G.  and  under  atmospheric  pressure  is  heated 
and  expands  isopiestically.  After  expanding  tUi  its  volume  is  doubled,  wlutt  is 
its  temperature  ?    What  was  its  initial  volume  ?  and  final  volume  ? 

Am.  818".    8.82  and  6.64  cub.  metexs. 

What  is  the  work  done  ?  Ana.  8576  meter-kU. 

How  many  units  of  heat  are  imparted  ?  Ana.  278.4  heat  units. 

How  many  disappear  as  outer  work  ?  Ana.  81  heat  unit& 

51.  If  the  air  had  not  been  allowed  to  expand,  and  still  the  same  amount  of 
heat  had  bftn  imparted,  what  would  have  been  the  temperature  ?  what  the  press- 
ure ?  •  ^n£.  431.84";  2.4  atmospheres. 

52.  If  one  kilpg^ram  of  air  has  the  temperature  80"  and  the  pressure  of  1.5 
atmospheres,  and  is  cooled,  the  volume  remaining  constant,  till  xhe  pressure  is 
one  atmosphere,  what  is  the  final  temperature  ?  Ana.  ^  TV*. 

What  is  the  amount  of  heat  abstracted  ?  Ana.  17.015  heat  units. 
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88.  If  one  kilogram  of  air  has  the  temperature  30"*,  and  is  heated  under  con- 
stant prefigure  till  the  final  volume  is  ^  oi  the  initial,  what  is  the  final  tempera-^ 
tore  ?  Am,  13r. 

What  is  the  amount  of  heat  imparted  ?  Aiis,  28.0885  heat  units.  ^ 

What  is  the  outer  work  ?  Am*  2066.5  meter-kiL  ^ 

54.  Suppose  one  kilogram  of  air  of  the  temperature  80°  expands,  accoi^ing  to 
the  law  p\Vx'^  =pfVt*.  until  its  final  volume  is  |  of  its  initial.  What  is  the 
final  temperature  ?  Ar^8.  —  45.76**. 

What  is  the  outer  work  ?  Ana.  2217.85  meter-kil. 

What  is  the  specific  heat  in  this  case  ?  Ana.  0.09940. 

Must  heat  be  added  or  subtracted  during  this  expansion  ? 

Ana.  Subtracted. 

How  much  ?  Ana,  7.580  heat  units. 

55.  One  kilo^m  of  air  of  one  atmosphere  pressure,  80**  temperature,  expands 
adiabatically,  without  overcoming  any  outer  pressure  till  its  volume  is  doubled. 
What  is  the  final  pressure  ?  Ana.  0.6  atmosphere. 

56.  Suppose  10  units  of  heat  are  added  during  expansion.  What  is  the  final 
temperature  ?  Ana,  79.85°. 

What  is  the  final  pressure  ?  Ana,  0.581  atmos. 

67.  At  midday  a  person  observed  that  his  Fahrenheit  thermometer  marked 

77  degrees,  and  at  sunset  that  his  Centigrade  thermometer  marked  10  degrees.  U^ 

Qow  much  has  each  thermometer  fallen  in  the  interval  ? 

.^.  j  F.  has  fallen  27^ 
^'**-  (  C.  has  fallen  15^ 

58.  What  temperature  is  denoted  by  the  same  number  in  the  Centigrade  and      / 
Fahrenheit  scales  ?  Ana.  -40^      ^ 

59.  What  is  the  temperature  when  the  sum  of  the  readings  of  the  same  ther- 
mometer graduated  according  to  Fahrenheit  and  Centigrade  scales  is  180  ? 

Ana.  95'*  F. 

60.  What  is  the  temperature  when  the  difference  of  the  readings  of  the  same 
thermometer  graduated  according  to  Fahrenheit  and  Centigrade  scales  is  60  ? 

Ana.  95**  F.  or  -  175**  F. 

61.  A  thermometer  is  graduated  both  on  Fahrenheit  and  Centigrade  scales, 
and  the  reading  on  the  former  exceeds  that  on  the  latter  by  24.  What  is  the 
reading  of  each  ?  Ana.  W  F.  or  -  10^  C. 

62.  On  the  summit  of  a  mountain  water  boils  at  152°  F.  If  a  thermometer 
be  graduated  there  without  taking  into  account  the  atmospheric  pressure,  what 
would  be  the  real  temperature  when  this  thermometer  registers  92''  F.  ? 

Ana.  F.  =  72% 

68.  A  thermometer  is  constructed  which  registers  —  lO"*  at  freezing  point  and 
110**  at  boiling  point.  What  will  be  the  temperature  by  Fahrenheit  scale,  when 
the  reading  on  this  thermometer  is  60"?  Ana.  F.  =  187% 

64.  If  a  line  of  railway  be  laid  with  iron  rails  5  yards  long  at  0"*  C. ,  what 
should  be  the  distance  between  two  consecutive  rails,  to  allow  for  the  expansion 
due  to  an  increase  of  temperature  of  55°  C.  ?  (Coefficient  of  linear  expansion  for 
one  degree  Centigrade  =  0.00001236.)  Ana.  0.122  inch. 

66.  If  a  line  of  railway  be  laid  with  steel  rails  26  feet  long  at  60°  Fah.,  what 
should  be  the  distance  between  two  consecutive  rails,  to  allow  for  the  expansion 
due  to  a  range  of  temperature  from  —  20""  F.  to  100"*  F.  ?  (Coefficient  of  linear 
ezpauaion  for  one  degree  Centiffrade,  counting  from  zero  C.  =  0.00001079^ 

Ana.  0.215  mch. 
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60.  A  mass  of  mercair  occnpies  8.144  onbic  inches  at  100"*  C.  What  will  be 
the  increase  in  volume  when  its  temperature  is  raised  to  190°  C.  ?  (Coefficient 
of  linear  expansion  of  mercury  =  0.00006  for  one  degree  Cent^  What  wiU  be 
its  volume  at  0°  0.  ?  Ana,  0.072  cub.  inch.    8  cubic  inches. 

67.  A  straight  vertical  tube,  closed  at  its  lower  end,  contains  a  small  quan- 
tity of  mercury  which  is  supported  at  the  height  of  28  inches  from  the  bottom 
of  the  tube  by  the  confinea  air.  The  temperature  of  the  air  is  T*  C.  If  the 
temperature  is  increased  to  27**  C,  what  position  will  the  mercury  occupy  ? 

Ana,  80  inches  from  bottom  of  tube, 

68.  If  the  temperature  in  the  last  example  is  100.6"*  F.,  and  is  raised  to 
140.6"  P.,  what  is  the  position  of  the  mercury  ? 

Ana,  80  inches  from  bottom  of  tube. 

60.  A  quantity  of  gas  occupies  150  cubic  inches  at  a  temperature  of  2°  C. 
when  the  barometer  stands  at  29.7  inches.  What  space  will  it  occupy  if  the 
temperature  rise  to  16°  C.  and  the  barometer  to  80.6  inches  ? 

Ana,  153  cubic  inches. 

70.  If  the  temperature  in  the  preceding  example  is  90.6''  F.,  and  rises  to 
118.6^  F.f   what  space  does  the  gas  occupy  ?  Ana,  153  cubic  inches. 

71.  If  the  compressed  air  in  a  flooded  coal  pit  occupies  2500  cubic  feet  at  a 
temperature  of  SO''  F.,  and  under  a  pressure  of  70  inches  of  mercury,  how 
much  space  would  it  fill  at  a  temperature  of  OO*"  F.  and  under  a  pressure  of  29.5 
inches  of  mercury  ?  Ana,  60481Sii||  cub.  feet. 

7'?'.  Two  condensers  contain  equal  quantities  of  air.  One  of  them,  at  tem- 
perature 52°  C,  is  20  in.  long,  15  in.  broad,  and  13  in.  high,  and  the  other  at 
57''  C,  is  2  feet  long.  15  in.  broad,  and  11  in.  high.  Show  that  the  air  pressure 
is  the  same  in  both. 

78.  When  the  roof  of  a  cylindrical  divin|^  bell  is  27  feet  below  the  surface  of 
the  water  the  temperature  of  the  air  within  it  is  2°  C,  and  the  level  of  the  water 
in  the  bell  is  5  feet  from  the  roof.  If  now  the  temperature  of  the  air  in  the 
bell  is  raised  to  7**  C,  and  the  bell  is  moved  until  the  level  of  the  water  is  1  ft. 
lower  than  at  first,  has  the  bell  been  raised  or  lowered,  and  how  much  ?  (Press- 
ure of  the  atmosphere  is  supposed  to  be  equal  to  a  column  of  water  34  feet  high.) 

Ana,  Raised  11  feet. 

74.  A  certain  volume  of  gas  is  at  a  tem{)erature  of  —  8*  C.  and  under  a 
pressure  of  800  mm.  If  the  pressure  is  diminished  to  540  mm.,  what  tempera- 
ture must  the  gas  have  in  order  that  its  volume  may  be  doubled  ? 

Ana,  ^rrOLa^C. 

7o.  A  straight  vertical  tube  whose  section  is  one  square  inch,  is  closed  at  its 
lower  end,  and  contains  a  quantity  of  air  which  supports  an  air-tight  piston 
whose  weight  is  one  pound.  The  position  of  the  piston  is  observed  when  the 
temperature  of  the  air  is.Bl"  C,  ana  the  weight  of  the  piston  is  then  increased 
by  1  pound.  Find  what  increase  of  temperature  will  be  reouired  to  bring  back 
the  piston  to  its  former  position,  the  atmospheric  pressure  oeing  15  lbs.  per  sq. 
inch.  Ana,  New  temp.  =  60**,  increase  =  19**. 

76.  A  volume  of  air  at  0**  C.  and  at  a  given  pressure  weighs  8  oz. ;  what 
weight  of  air  would  occupy  the  same  volume  at  SO''  C,  the  pressure  being  4 
times  as  great  ?  Ana,  28iVr  o>* 

77.  If  the  air  in  a  fire  balloon,  the  volume  of  which  is  100  cub.  ft,  is  at  a 
temperature  of  127"*  C,  when  the  temperature  of  the  surrounding  air  is  27''  C, 
what  weight,  including  that  of  the  balloon  itself,  will  just  prevent  it  from 
ascending  ?  The  weight  of  a  cubic  ft.  of  air  at  0°  G.  and  atmospheric  pressure 
being  1.2  oz.  Afia.  27.8  os. 

78.  If  1  cub.  ft.  of  air  at  0"  and  under  a  pressure  of  760  mm.  weighs  1.2  os., 
what  ^rill  a  cub.  ft,  at  27''  and  under  a  pressure  of  600  mm.  weigh  ? 

Ana,  0.862  oz.,  nearly. 
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79.  A  body  whose  yolnme  is  10  cnb.  ft.  weighs  261  lbs.  5  oz.  when  weighed 
in  air  at  a  temperatnre  of  —  8**  C.  and  under  a  pressure  of  800  mm.  What 
wouid  be  its  weight  in  yacuo  ?  (One  cubic  foot  of  air  at  O''  and  pressure  of 
700  mm.  weighs  1.2  oz.)  Ana.  252  lbs.  1.66  oz.,  nearly. 

80.  A  certain  volume  of  air  at  0°  C.  and  at  a  given  pressure,  weighs  10  oz. 
What  weight  of  air  would  occupy  the  same  volume  at  20°  C,  the  pressure  being 
doubled?  Ans,  ]8iS|  oz. 

81.  A  room  contains  4480  cubic  feet  of  air  {cp  —  0.2876),  weighing  1.26  oz. 
per  cubic  foot.  How  many  units  of  heat  will  be  reouired  to  raise  the  tempera- 
ture of  the  air  20**?  If  the  initial  temperature  oi  the  air  is  16**,  how  many 
pounds  of  water  at  74"  will  be  required  to  raise  the  temperature  of  the  air  by  the 
required  amount  ?  Ana,  1662.6  heat  units,  48}  lbs. 

82.  If  the  heat  obtained  from  the  combustion  of  1  lb.  of  coal  raise  the  tem- 
perature of  100()  lbs.  of  iron  from  O"*  to  dO""  0.,  find  the  number  of  units  of  heat 
given  out;  the  sp.  heat  of  iron  being  0.12  (a  heat  unit  being  taken  as  1  lb.  of 
water  I'*  C).  Ana,  OCOO. 

88.  A  bar  of  iron  weighing  26  lbs.,  whose  temperature  is  lO""  C,  is  plunged 
into  16  lbs.  of  water  at  lO""  C,  when  the  common  temperature  becomes  11"  0. 
Kind  the  specific  heat  of  iron.  Ana.  0.12. 

84.  A  piece  of  tin  wei^iiing  126  oz.  is  immersed  in  boiling  water,  until  it  is 
of  the  same  temperature;  it  is  then  taken  out  and  dropped  into  a  vessel  contdn- 
ing  68  oz.  of  water  at  freezing,  and  the  temperature  of  Uie  water  rises  to  10"  C. 
Find  the  specific  heat  of  tin.  Ana,  0.066. 

85.  A  pound  of  platinum  is  placed  in  a  furnace,  and  having  acquired  the 
temperature  of  the  furnace,  is  plunged  into  a  vessel  containing  10  lbs.  of  water 
at  10"  C.  The  temperature  of  the  water  rises  to  14.3"  C.  What  is  the  tempera- 
ture of  the  furnace  ?    (The  specific  heat  of  platinum  is  0.082). 

Ana,  1858.06"  C. 

86.  If  some  water  at  20"  C.  be  mixed  with  a  fluid  at  150"  C.  weiehing  half  as 
much  as  the  water,  and  the  temperature  of  mixture  be  19"  C,  find  the  specific 
heat  of  the  fluid.  Ana.  0.5. 

87.  A  mass  of  10  lbs.  of  iron  at  the  temperature  175°  C,  is  immersed  in  1  lb. 
of  ice  and  water  at  0"  C,  the  masses  of  the  ice  and  water  bein?  in  the  ratio  1:9; 
and  the  temperature  of  the  whole  mass  becomes  20"  C.  Fina  the  specific  heat 
of  iron,  the  latent  heat  of  ice  being  79.  Ana.  0.018. 

88.  Two  chains,  A  and  J9,  are  contained  in  a  jar  which  is  maintained  at  a 
temperature  114"  C.  A  consists  of  9  links  of  iron  and  11  links  of  copper,  and 
^ooDsists  of  9  links  of  copper  and  11  links  of  iron,  and  each  link  weighs  one 
ounce.  The  chain  A  is  taken  out  of  the  jar  and  placed  in  a  vessel  coulaining 
198  oz.  of  water  at  18"  C,  and  causes  the  temperature  to  rise  by  1*"  G.  Had  both 
chains  been  placed  in  the  vessel,  the  temperature  would  have  risen  bv  2"  C. 

What  are  the  specific  heats  of  iron  and  copper  ?    Ana.  Iron  0.11,  copper  0.09. 

« 

89.  Weights  w.  vf'  of  two  substances,  whose  specific  heats  are  c.  c\  and  tem- 
peratnres  t,  t  are  mixed.  If  no  heat  is  lost,  what  is  the  temperature  of  the  mix- 
ture ?  .       wc<  +  %D'c't 

Ana.  r-r  • 

we  -^  wo 

90.  One  kilogram  of  mercury,  specific  heat  Z^,  at  180"  C.  is  mixed  with 
4  kilog.  of  water  at  10"  C.  What  is  the  temperature  of  the  mixture,  if  no  heat 
is  lost?  Ana.  11". 

91.  A  mass  of  iron  weighing  7  lbs.  at  the  temperature  109"  C,  is  placed  upon 
a  mass  of  ice  at  temperature  0  C.  If  the  specific  heat  of  iron  is  0.1  IB,  and  the 
latent  heat  of  water  79,  calculate  the  weight  of  water  produced.   Ana,  \t^  lbs. 

92.  Two  lbs.  of  melting  silver,  at  a  temperature  of  1000"  C,  are  placed  in  a 
Laplace  calorimeter  and  1 .4  lbs.  of  water  drawn  off.  What  is  the  specific  heat 
of  sUver,  the  latent  heat  ol  water  being  79  ?  Ana,  0.0658. 


BEDUCTION    TABLES. 


TABLES  FOB  THE  GONVEBSION  OF  ENGLISH  AKD  METBIO  UNTTS. 


1  Meter  =  8.280rr  feet. 

1  Foot  =r  0.8048  meter. 

1  Liter  (Yol.  of  1  kilog.  water)  =:  0.2202  gal. 

1  Gallon  (vol.  of  10  lbs.  water) =4.541  liters. 

1  Kilogram  »  8.904r>  Ibe.  av. 

1  Ellog.  per  sq.  meter  =  0.S040  lbs.  per  aq.  ft 

1  Kilog.  per  eq.  mm.  s  \4S2SS  lb«.  per  sq.  inch. 

1  Lb.  per  sq.  in. »  706.0056  kUog.  per.  sq.  meter. 

lGram=15.4SS8gr. 

1  Grain  =  0.0648  gram. 

1  Meter-kilogram  =7.2881  foot-lbs. 


1  Foot-ponnd  =0.1388  meter-kllog. 

1  Atmosphere  =  14.7  lbs.  per  sq.  in.  =  I08S4kQog. 

per  sq.  meter  =29.922  inches,  or  7B0  mm.  of 

mercnrj  =88.9  ft,  or  10^  meters  of  water. 
1  Ponnd  K9.  -  a4688  kilog. 
Deg.Cent  =  5(P.»-88). 
Deg.  Fahr.s  |  C.«-h88. 
1  Calorie  (kllog.  water  raised  1*  C.)  -424  meter- 

kilog.  =8.9688  Bng.  heat  units. 
1  Eng.  heat  anit  (lb.  water  raised  1«  F.)  =  722  ft- 

lbs.  =0.252  calorie. 


TABLE   I. 
FOB  OONVKKTUia  MBTEBS  INTO  INCHES. 


Meters. 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

0 

0 

89.4 

78.7 

118.1 

157.5 

196.8 

836.2 

S75.6 

815.0 

S54.S 

10 

893.7 

48:).! 

472.4 

511.8 

651.2 

690.5 

629.9 

668.8 

708.7 

748.0 

20 

787.4 

826.8 

866.1 

906.5 

944.9 

984.2 

ion.6 

1068.0 

1108.4 

1141.7 

SO 

11811 

1220.5 

1259.8 

1299.2 

1338.6 

1877.9 

1417.8 

1458.7 

1496.1 

15854 

40 

1574.8 

1614.2 

1653.5 

1692.9 

1782.8 

1771.6 

1811.0 

1860.4 

1889.8 

1929.1 

60 

1968.5 

2007.9 

2047.2 

2086.6 

2126.0 

2165.3 

2204.7 

S244.1 

2288.5 

28218 

60 

23(3.2 

2401.6 

2440.9 

2480.3 

2519  7 

2559.0 

2508.4 

2687.8 

2877.2 

271615 

TO 

2755.9 

2796.3 

2834.6 

2874.0 

2913.4 

2952.7 

2992.1 

8091.6 

8070.9 

snas 

80 

8149  6 

8189.0 

8228.3 

8267.7 

3807.1 

3346.4 

3885.1 

8425.2 

3464.6 

8308.9 

90 

8548.8 

85627 

8892.0 

8661.4 

8700.8 

8740.1 

8T79.5 

88ia9 

8856.3 

8891.6 

TABLE  II. 


FOR  CONYERTIKO  INCHES  DTTO  CENTIMETERS. 


Tnches. 

0 

1 

2 

8 

4 

5 

6 

7 

8 
2.0819 

9 

0 

0 

0.254 

0.508 

0.768 

4.016 

1.2699 

1.6289 

1.7779 

228SO 

1 

2.5400 

2.7940 

3.0480 

3.3020 

3.5560 

3.8090      4.0639 

4.3179 

4.Sn9 

4.8259 

2 

5.0799 

5.3889 

5.5879 

6.8419 

6.0959 

6  8496     6.6088 

6.8578 

7.1118 

7.8658 

8 

7.6199 

7.8739 

8.1279 

8  8819 

8li359 

8.8898      9.1438 

9.8978 

9.6518 

9.9068 

4 

101599 

10.4139 

10.6679 

10.9219 

11.1759 

114396    11.6888 

11.9878 

12.1918 

12  4458 

6 

12.6998    12.9538 

13.2078 

18  4618 

13.715S 

13  9697 

14.2237 

14.4777 

14  7817 

14.96S7 

6 

15.23f)8    16  4938 

15.7478 

16  0018 

16.2558 

16.5097 

16.7687 

17.0177 

17.2717 

17.5257 

7 

17.7798    180888 

18.9878 

18.5418 

1879.^8 

19.0497 

19.3087 

19.5577 

198117 

90.0857 

8 

20.8197 

20.5737 

20.8277 

21.1817 

21  3367 

21.6*«96 

21.8486 

22.1978 

228516 

22.6066 

9 

22.8597 

28.1137 

23.3677 

23  6217 

23.8757 

24.1296 

24.8636 

24.6876 

24.8916  i  25.1456 

10 

25.3997 

25.6537 

25.9077 

26.1617 

26  41.57 

26.6606 

26.9286 

27.1776 

27.4816  1  27.6856 

11 

27.9^96 

28.1986 

28.4476 

28.7016 

28.9556 

29.2095 

29.4686    29.7176 

29.9715    8012255 
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TABLE  III. 


FOR  OONYERTINO  FRENCH  KEASURBS  INTO  EN0LI8H. 


Meter, 

cable  m. 

Feet 

Inches. 

Sq.ft 

8q.  In. 

Cub.  ft. 

Cub.  in. 

1 

8J3809 

89.87€6 

10.7642 

1550.05 

85.8161 

61096.2 

S 

6.5618 

78.7412 

21.5284 

8100.00 

70.6322 

182062.4 

8 

9.8427 

118.1118 

&e.89^ 

4650.13 

105.9483 

18807a6 

4 

18.1285 

157.4824 

48.0568 

6200.18 

141.2644 

244104.9 

6 

16.4044 

196.8580 

58.a«)l 

7750.28 

176.5805 

805181.1 

6 

19.6858 

SS6.9287 

64.585-2 

9800  27 

811.8966 

S66I57.3 

7   « 

».96e2 

275.8943 

75.8494 

10650.81 

247.2126 

427183.5 

8 

86.M71 

814.9649 

86.1186 

12400.86 

282.5987 

488S00.7 

9 

99.5880 

854.8855 

96.8T78 

18950.40 

817.8448 

549235.9 

TABLE  IV. 


FOB  OOHVKBTINO  ENGLISH  KBAStJIlES  INTO  FRENCH. 


Poot, 

COD.  ft 

Meter. 

8q.  m. 

Cub.  m. 

Inch, 
Ml.  In., 
CUD.  in. 

Centi- 
meters. 

8q.  cent 

Cnb.  centi- 
meters. 

1 

0.804796 

0.098901 

0.088316 

1 

8.5400 

6.4514 

16.386 

2 

0.609592 

0.185601 

0.056681 

8 

5.0709 

12.9029 

82.778 

S 

0.914886 

0.878702 

0.064947 

8 

7.6199 

19.3543 

49.150 

4 

1.219184 

0.871002 

o.iiae68 

4 

]ai509 

95.8057 

66.546 

5 

1.588979 

0.464.V)8 

0.141579 

5 

12.6998 

».2571 

81.982 

6 

1.888775 

0.557408 

0.169694 

6 

15.2398 

38.7066 

96.318 

7 

8. 138571 

a650804 

0.196810 

7 

17.7799 

45.1600 

114.705 

8 

2.438867 

0.748204 

0.286586 

8 

90.8197 

51.6114 

131.091 

9 

2.74:3168 

0.886106 

0.854841 

9 

82.8597 

56.0688 

.    147.478 

10 

8.041959 

0.989005 

0.883157 

10 

85.3997 

64.5148 

168.864 

11 

8.858756 

L021906 

a811473 

11 

97.9896 

70.9667 

180.850 

TABLE  V. 


OOMVlBTOrO  KIL0ORAM8  INTO  POUNDS  AYOIRDI7POI8,  OR  CALORIES  INTO  ENGLISH 

(CENTIGRADE)  HEAT  UNITS. 


Kilo- 
gnun& 

0 

1 

8 

8 

4 

5 

6 

7 

8 

9 

0 

0 

8.906 

4.409 

6.614 

8.818 

11.098 

18.288 

15.488 

17.6S7 

19.841 

10 

82.046 

24.851 

96.455 

28.660 

30.864 

83.060 

85.274 

87.478 

89.683 

41.887 

90 

44.092 

46.897 

48.501 

50.706 

52.910 

55.115 

57.320 

59.584 

61.729 

63.983 

80 

66.138 

68.843 

70.547 

72.752 

74956 

77.161 

79.366 

81.570 

83.775 

85.9?9 

40 

««.184 

90.880 

92.598 

94.796 

97.002 

09.207 

101.412 

103.616 

105.821 

108.(135 

60 

110.230 

112.435 

114.689 

116.844 

119.048 

121 .2&3 

123.458 

125.662 

127.867 

130.071 

60 

132.976 

134.481 

136.685 

188.890 

141.094 

143.299 

145.504 

147.708 

140.913 

1.V2.117 

70 

154.828 

156.527 

158.781 

160.036 

163.140    165.34M 

167.550 

16e.7.Vt 

171.950 

174.168 

80 

176.388 

178.578    180.777 

182.982    laMHe  '.  187.301 

189..M)6 

191.800    104.005 

196.209 

90 

196.414 

200.619    208.828 

206.088    207.8&2    209.4^ 

811.642 

218.846    816.051 

218.865 

868 


THSBMOD  TNAMICa, 


TABLE  VL 


ooNyratare  ayoibbufoib  pounds  into  kilograms,  ob  xnolebh  (gbrhseadb) 

HXAT  uxnrs  into  oai/>btim. 


Poands. 

0 

1 

8 

8 

4 

5 

8 

7 

8 

9 

0 

0 

0.4A86 

0.9078 

1.8606 

1.8144 

8.9680 

8.7816 

8.1751 

86888 

4.08M 

10 

4.(»6 

4.9896 

6.4488 

6.8968 

6.8004 

6.8040 

7.2576 

7.7118 

8.1648 

&6184 

90 

9.072 

9.S8M 

9.9798 

1048J8 

10.8864 

11.8400 

11.7986 

18.9478 

18.7008 

13.1544 

80 

18.606 

14.0616 

14.5168 

14.9688 

15.4894 

15.8780 

16.8896 

16.7888 

17.9868 

17.6HM 

40 

iai44 

18.6976 

19.0518 

19.5048 

19.9584 

90.4190 

90.8656 

91.8198 

81.7798 

98J9M 

60 

82.680 

88.1886 

83.5878 

94.0406 

84.4944 

94.9480 

95.4016 

95.856S 

96.8088 

8a.7B»l 

eo 

S7.S10 

87.6606 

88.1888 

88.5768 

89.0804 

99.4840 

99.9376 

80.8818 

8GMB448 

81ja64 

TO 

81.7S8 

88.9096 

88.6698 

88.1188 

88.6664 

84.0900 

84.4786 

84.9878 

85.8806 

8&6844 

80 

86.888 

86.7416 

87.1958 

87.6488 

88.1084 

88.5560 

89.0096 

89.4688 

89.9188 

40L8nM 

90 

40.8S4 

41.8776 

41.7818 

48.1848 

48.6884 

4&0080 

48.5456 

48.9998 

44.4698 

44.90M 

TABLE  Vn. 


fOB  OONVKRTUitf  METEB-EILOaBAMS  INTO  FOOT-POUND0. 


Meter 
Ulog. 

0 

1 
0.73881 

9 

8 

4 

6 

6 

7 

8 

9 

0 

0 

1.44669 

9.16998'   9.89894 

8.61656 

4.88986 

5.06817 

6.78848 

6.60079 

1 

7.8881 

7.9564 

8.6797 

9.4080  ,  10.1888 

10.8496 

11.5799 

19.8908 

18.0195 

18.7498 

S 

14.4668 

15.1896 

15.9188 

16.6861    17.8504 

18.0SS7 

18.8060 

19.6888 

90.8596 

90.97&A 

8 

91.6088 

29.4996 

88.1459 

88.8698    94.8085 

85.8168 

96.0801 

96.7894 

97.4887 

96.9080 

4 

88.9884 

99.6567 

80.8790 

81.1088  ,  81.8350 

S8.5489 

88.9798 

88.9956 

34.7186 

86.44S1 

6 

86.1666 

87.6181 

88.8854 

89.0587 

89.7880 

40.5058 

41J«86 

41.9510 

49.8ntt 

0 

48.8966 

44.1319 

44.8468 

45.5685 

46.8918 

47.0161 

47.7884 

48.4617 

48.1860 

48.9068 

7 

6a6817 

61.8660 

68.0788 

69.8016 

63.5949 

64.8488 

54.9n6 

66.8948 

66.4181 

57.1414 

8 

57.8848 

58.5861 

60.8114 

60.0847 

60.7580 

61.4818 

6-2.9046 

68.9979 

68.6619 

64.8745 

9 

66.0979 

65.8919 

66.5446 

67.2978    67.9911 

68.7144 

60.4877 

70.1610 

78.8818 

71.6078 

TABLE  Vm, 


FOB  CONYBBTDTO  FOOT-POUNDS  INTO  MBTBB-KIL0GBAM8. 


Foot 
lbs. 

0 

1 

9 

8 

4 

6 

8 

7 

8 

9 

0 

0 

0.01888 

0.08766 

0.04149 

.06638 

.06016 

.06891 

.00661 

.11064 

.19447 

1 

ai888 

0.1(»1 

0.1660 

0.1797 

0.1966 

0.8078 

0.9811 

0.9849 

0.9487 

a9oa6 

9 

a9766 

0.9904 

0.8048 

0.8180 

0.3316 

0.8466 

0.8504 

0.8788 

0.8870 

a4008 

8 

0.4149 

0.4887 

0.4485 

0.4568 

0.4901 

0.4889 

0.4977 

0.6116 

a&858 

0.6801 

4 

0.5688 

0.6870 

0.5808 

0.5946 

0.0064 

0.6829 

0.6860 

0.6408 

0.6686 

a6r74 

6 

0.6015 

0.7058 

0.7191 

0.7389 

0.7467 

0.7805 

0.7748 

0.7881 

0J019 

asisr 

8 

a8896 

0.8486 

0.8574 

0.8718 

0.8650 

0.8988 

0.9126 

0.9884 

0.9408 

a9640 

7 

0.9681 

a9619 

0.9957 

1.0095 

1.0833 

1.0871 

1.0609 

1.0647 

1.0^5 

1.0088 

8 

1.1084 

1.1909 

1.1840 

1.1478 

1.1616 

1.1754 

1.1809 

ijnao 

1J8I08 

ijaos 

9 

1.9447 

1.9566 

1J2788 

1.8861 

1.2999 

1.8187 

1.897S 

1.3413 

1.8651 

lJ68i 
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TABLE  IX. 

POB  OdNYBBXnre  KZLOOBAKS  FKB  8^  CEZnniETSK  niTO  POUNDS  PBR  8Q.  INCH. 


Kgre. 

per 

iq. 

cent 

0 

1 

S 

S 

4 

5 

6 

7 

8 

9 

0 

0      !     1422S8 

28.4156 

48.6684 

66.8912 

71.1140 

85.8868 

99.5506 

118  7894 

19S.0068 

10 

148Je28|  156.4.M 

170.674 

184.897 

199.119 

218842 

227.666 

241.788 

856011 

27a284 

80 

884.45A    89S.«79 

819.003 

827.125 

841.848 

855.571 

869.704 

884017 

898.240 

412.468 

ao 

486.684    440.907 

465.180 

46^868 

483.576 

497.599 

51:2.022 

606JM5 

540.468 

664.691 

40 

668.912    688.185 

597.858 

611.581 

685.804 

640  027 

6544KM) 

668.478 

688.606 

606.919 

00 

711.140    7S5.868 

789.566 

758.809 

766.062 

782.255 

796478 

810.701 

884.924 

889.147 

00 

86&868    867.691 

881.814 

886.(»87 

910.260 

024.488 

988.706 

062.929 

967.152 

961.875 

70 

906.566  1009.810 

1094  042 

108a265 

1052.488 

1066.711 

1(180  084 

10»5.167 

1109  890 

1123.618 

80 

1187.894  1168.047 

116H.870 

1180498 

1194.716 

1208.989 

12^162 

1237.885 

1251.606 

1265.881 

90 

1280.068  1294.975 

1806.486 

1882.721 

1886.944 

1351.167 

1865.890 

1870.618 

1898.886 

1206.059 

TABLE  X. 


FOB  OOHYEBTINO  POUNDS  PEB  8Q.   INCH  INTO  KILOGRAMS  PKB  SQ.   CENTDOSTEK. 


Ponndt 

per 

0 

1 

2 

8 

4 

5 

6 

7 

8 

9 

aq.  iBch. 

0 

0 

.070809 

.140618 

.210987 

.281286 

.361545 

421854 

.492168 

.562472 

.682781 

10 

.70609 

.77840 

.84371 

.91402 

.98483 

1.05464 

1.12495 

1.19526 

1.S6567 

1.88688 

90 

1.40618 

1.47649 

1.54680 

1.61711 

1.68742 

1.76778 

1.82804 

1.80885 

1  9(4-66 

8.08897 

80 

8.10927 

2.17958 

2.24989 

282020 

2.80051 

2.40082 

2.68113 

2.60144 

2  67175 

2.74806 

40 

2.81886 

288867 

296298 

8.02829 

3.09860 

3.16891 

3.284S2 

8.804r)3 

8.37484 

8.44616 

80 

8JS545 

3.58576 

8.66607 

a72688 

3.79669 

8.86700 

3.98781 

400702 

4.07793 

4.14824 

00 

4J218B4 

4.88886 

4it5816 

4.42947 

4.499rB 

4.57009 

4.04040 

4,n071 

4.78108 

685133 

70 

4.98168 

4.99194 

5.06225 

5.18256 

5.20287 

5.27818 

5.34849 

541380 

548411 

6.66448 

80 

5.62478 

569608 

5.76684 

5.83566 

590606 

5.97627 

6.04666 

6.11680 

6.18720 

6.25751 

90 

6w82781 

6.89612 

646848 

6.58874 

6.60006 

6.67986 

6.74967 

6.81096 

689029 

6.96000 

TABLE  XI, 


VOB  GONTKBTDrO  ATM06FHEBSS  INTO  POUNDS  AND  KILOGEAM& 


Atmocphens. 

Heighl 
in  cent. 

;  of  mercury 
in  inches. 

Prew 
BO.  cent 
inkilogn. 

me  per 
sq.  inch 
in  poands. 

1 

70 
158 
228 
804 
8H0 
460 
682 
006 
664 

29.989 
69.844 
89.766 
119.688 
149610 
179.688 
209.454 
839.378 
860.998 

1.0833 
8.0666 
&0999 
4.1883 
6.1666 
6.1998 
7.8881 
a2664 
942997 

14.696 

S9.898 

44.088 

66  784 

73.480 

68176 

102878 

117.668 

182JM4 

2 

6 

9.: 

u 


870 
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TABLE  Xn. 

POS   OOilVKM'UlO   OALOBIBS   IXTO   ENGLISH    (FAUKJENUSIT)    HBi.T   UHIXS* 


GAlor. 

168. 

0 

1 

a 

8 

4 

5 

6 

7 

8 

9 

0 

0 

8.909 

7.988 

11.907 

15,876 

19.846 

23.814 

27.788 

81.762 

SS.7S1 

10 

89.68 

48.669 

47.628 

61.697 

66.666 

69.586 

63.604 

67.473 

71.442 

75.411 

20 

.  79.88 

88.849 

87.818 

91.287 

96.266 

99.226 

103.194 

107.163  111.182 

115.101 

80 

119.07 

128.089 

127.008 

130.977 

184.946 

188.916 

142.884 

146.863  150.822 

154.791 

40 

168.76 

162.729 

166.698 

170.667 

174.686 

178.606 

182.674 

186.548  1  190.512 

194.481 

60 

198.46 

201.419 

206.888 

209.867 

218.826 

217.296 

221.264 

225.283  289.202 

238.171 

60 

238.14 

242.109 

246.078 

280.047 

264.016 

257.986 

261.954 

265.928  269.802 

278.861 

70 

277.88 

281.799 

286.768 

289.737 

298.706 

297.676 

301.644 

806.618  309.582 

318.5&1 

80 

817.62 

881.489 

826.468 

829.427 

888.896 

887.866 

841.834 

845.808 

849.972  ■  853.M1 

90 

897.21 

861.179 

866.148 

869.117 

378.066 

877.056 

881.024 

884.993 

888.962 

892.981 

TABLE  XIIL 

FOB   OONVSBTING    ENGLISH   (FAHBENHECT)   HEAT   UNITS   INTO    CALORIES. 


Heat 

Units. 

0 

1 

2 

8 

4 

6 

6 

7 

8 

» 

0 

0 

0.252 

0.504 

0.756 

1.008 

1.260 

1.612 

1.764 

2.016 

2.SfiB 

10 

2.62 

2.772 

8.024 

8.276 

8.528 

8.780 

4.082 

4.284 

4.536 

4.788 

90 

6.04 

6.292 

5.544 

5.796 

6.048 

6.800 

6.562 

6.804 

7.066 

7.808 

80 

7.56 

7.812 

8.004 

8.316 

8.668 

8.820 

9.072 

9.824 

9.676 

9.838 

40 

10.08 

10.332 

10.684 

10.886 

11.088 

11.340 

11.592 

11.844 

12.096 

12.348 

50 

12.60 

12.862 

18.104 

13.366 

13.608 

13.860 

14.112 

14.864 

14.616 

14.868 

60 

16.12 

15.372 

15.624 

16.876 

16.128 

16.880 

16.682 

16.884 

17.186 

17.388 

70 

17.64 

17.892 

18.144 

18.396 

18.648 

18.900 

10.152 

19.404 

19.656 

19.908 

80 

20.16 

20.412 

20.664 

20.916 

21.168 

21.420 

21.672 

21.924 

22.176 

92.428 

90 

22.68 

22.932 

23.184 

23.436 

28.688 

23.940 

24.192 

24.444 

24.696 

24.918 

THERMODYNAMICS. 


•  %•• 


PART    SECOND. 


STEAM  AND  THE  STEAM  ENGmE 


CHAPTER  XIV. 

THE  ACnOK    OF  HEAT   IN    EYAPOBATION.— OENERAL    PBOPEBTIES  OF 

STEAK. — ^PBESSUBE  OF  SATUBATED  STEAM. 

The  different  Effeda  of  Heat  in  Evaporation. — Of  all  the  investi- 
gations thus  far  made  npon  the  deportment  of  bodies,  none  are 
of  greater  importance  than  those  which  relate  to  the  properties 
of  steam.  An  exact  knowledge  of  these  properties  lies  at  the 
foundation  of  the  constmction  of  the  steam  engine. 

Although  much  in  the  way  of  investigation  was  done  from  the 
time  of  Watty  who  gave  us  the  steam  engine  almost  in  its  pres- 
ent state  of  perfection,  down  to  the  time  of  Begnault,  one  of 
the  most  skillful  experimenters  of  the  present  day,  still,  much 
had  to  remain  unknown,  because  during  that  time  the  princi- 
ples of  the  mechanical  theory  of  heat  were  either  unknown  or 
but  little  regarded. 

It  will  not  be  difficult  to  call  attention  to  that  which  must 
during  that  time  have  remained  hidden,  the  key  to  the  explana- 
tion of  which  is,  however,  given  by  a  number  of  phenomena  of 
great  scientific  and  technical  interest  Let  us  return  to  the 
experiment  which  we  have  already  described  in  Chapter  YUL 
of  Part  Firsi 

Again,  let  ABCD,  Fig.  58,  be  a  hollow  cylinder  of  1  sq.  meter 
cross-section.  Upon  the  bottom  CD  is  1  cubic  decimeter =0.001 
cubic  meter  =  1  liter  of  water,  whose  weight  is  therefore  1  kilo- 
gram at  0^.  In  contact  with  the  surface  of  the  water  is  the 
piston  JOT,  which  we  assume  perfectly  tight  and  without  weight 
Above  the  piston  is  a  vacuum. 

We  assume  the  piston  loaded  with  10334  kilograms.  This  is 
the  same  as  the  pressure  of  the  atmosphere  per  square  meter 
for  0**  and  760  mUlimeters  (30  inches)  barometric  height 

Now  let  us  impart  heat  to  the  water  until  the  temperature 
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rises  to  100^.  Up  to  this  point  no  steam  is  formed.  This  only 
happens  when  the  addition  of  heat  is  carried  stUl  farther.  The 
piston  will  then  be  gradually  raised,  as  steam  is  formed,  and 
the  weight  10334  kilograms  will  be  lifted  through  a  certain  dis- 
tance. When  all  the  water  is  converted  into  steam, 
-*■  1^   the  piston  will  stand  at  a  height  of  abont  L650 

meters  above  the  bottom. 

In  this  apparently  simple  process  we  can  recog- 
nize, from  the  standpoint  of  the  mechanical  theory 
of  heat,  several  different  effects. 

First,  the  water  is  heated,  therefore  the  vibration 
vxyrlc  of  the  molecules  is  increased.  When  the 
water  attains  the  temperature  of  lOO"*,  further  rise 
of  temperature  does  not  occur.  The  velocity  of  the 
molecules  is  now  so  great,  however,  that,  according 
to  our  theoretical  views,  any  further  addition  of 
heat  not  only  separates  the  molecules  beyond  the 
influence  of  their  cohesion,  which  constituted  the 
liquid^  but  also  gives  them  a  rectilinear  motion 
such  as  the  molecules  of  a  gas  possess.  The  mole- 
K  cules  then  impinge  upon  the  piston  and  raise  it, 
^  until  aU  the  water  is  converted  into  steanL  For 
this  transformation  of  the  water  into  steam,  this 
overcoming  of  the  forces  which  bind  the  molecules  of  the  liquid 
mass  together,  or  ^' disgregation  work"  there  is,  as  we  know, 
a  certain  amount  of  heat  necessary. 

Further,  the  weight  of  10334  kilograms  is  raised  about  1.65 
meters.  This  requires  a  mechanical  work  of  10334  x  1.65  = 
17051  meter-kilograms,  and  this  work  must  evidently  be  also 
furnished  by  the  heat.  Since  a  work  of  424  meter-kilograms  is 
equivalent  to  one  heat  unit,  the  work  of  17051  meter-kilograms 

requires  -jor  ~  ^-^  ^®**  units.   At  the  end  of  the  experiment^ 

the  heat  actually  existing  in  the  steam  as  heaty  or  energy  of 
vibration,  must  then  be  less  than  the  total  amount  imparted, 
by  just  this  amount,  which  is  required  for  the  performance  of 
outer  work.  It  is  this  circumstance  to  which  we  wish  here  to 
call  special  attention.  From  it  flow  a  number  of  other  facts  as 
to  the  deportment  of  steam,  which  without  it  either  cannot 
be  recognized  or  else  are  wrongly  explained.     Thus,  for  ex- 
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ample,  the  steam  nsed  per  stroke  by  the  steam  engine  possesses 
at  the  end  of  the  stroke  no  longer  the  heat  which  it  had  in  the 
boiler,  and  the  heat  which  thus  disappears  is  the  equivalent 
of  the  work  done.  This  has  been  verified,  as  we  have  seen,  bj 
Him's  experiment  If  the  water  had  expanded  greatly,  while 
heated  from  O''  to  100° — which,  as  we  know,  is  not  the  case — 
then  the  outer  work  of  10334  x  1.65  meter-kilograms  would 
have  been  partly  performed  by  this  expansion. 

If  we  compare  the  outer  work  of  17061  meter-kilograms,  which 
we  may  call  the  outer  work  of  steam,  with  that  necessary  for 
OTercoming  the  molecular  forces,  we  shall  find  considerable 
difference.  Thus  in  the  present  case,  496.3  heat  units  are 
necessary  for  this  purpose  alone.  This  heat  represents  a 
mechanical  work  of  496.3  x  424  =  210431  meter-kilograms,  and 
this  is  required  to  overcome  the  molecular  forces  of  only  one 
kilogram  of  water.  Indeed,  in  comparison,  the  force  of  gravity 
is  but  slight  If,  for  example,  a  mass  of  water  of  one  cubic 
meter  =  1000  kilograms  is  required  to  perform  this  work,  it 

must  sink  through  a  distance  of   ..^^^   =  210.431  meters. 

The  question  arises.  How  can  the  heat  be  determined  which 
is  necessary  for  the  different  effects  in  this  transformation  of 
water  into  steam  ?  It  is  not  possible  to  determine  with  exact- 
ness the  heat  imparted  during  the  heating  and  vaporization 
of  the  water,  by  direct  determination  of  the  heat  furnished  by 
the  fuel  The  opposite  method,  of  determining  the  heat  units 
set  free  when  the  steam  condenses,  is  far  more  exact.  If  we 
use  for  the  condensation  a  large  quantity  of  cold  water,  the 
condensation  is  rapid,  and  all  the  heat  is  given  up  to  the  water, 
while  the  amount  lost  by  radiation  and  conduction  is  very 
slight  If  we  use  2545  kilograms  of  water  at  0°,  which  is  raised 
in  temperature  }"*,  while  the  temperature  of  the  condensed 
steam  is  also  diminished  |°,  we  shall  have,  evidently,  the  fol- 
lowing equation  for  the  heat  contained  by  the  steam : 

aj-J  =  J  X  2545, 

where  x  is  the  number  of  units  of  heat  possessed  by  the  steam. 

Hence 

X  =  636.5  heat  units. 
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It  is  evident  that  in  this  experiment,  the  steam  being  con- 
densed by  cold  water,  that  heat  reappears  which  disappeared 
in  the  raising  of  the  weight  This  heat  is  therefore  contained 
in  the  total  heat  of  the  water. 

If  we  assume  that  for  the  heating  of  the  water  from  zero  to 
lOO""  100  heat  units  are  necessary  (as  we  shall  see  hereafter 
this  number  is  somewhat  too  small),  then,  for  the  disgregation 
work  and  the  outer  work,  636.5  —  100  =  536.5  heat  units  are 
required.  Accordingly  the  total  heat  in  our  experiment  is 
divided  among  the  various  processes  as  follows : 

1.  Heating  of  the  water  from  0®  to  100**  (vibra- 

tion work)   100    heat  units. 

2.  Overcoming  the  molecular  forces  (disgrega- 

tion work) 496.3 

3.  Raising  10334  kil.  1.65  meters  (outer  work) .  40.2 


«        cc 
ii        «« 


Total 636.5    "      " 

In  calling  attention  thus  to  the  circumstances  which,  in 
ignorance  of  the  principles  of  the  mechanical  theory  of  heat, 
must  have  escaped  those  physicists  who  have  invest^ated  the 
phenomena  of  vaporization,  the  question  arises  whether  their 
determinations  are  therefore  worthless,  or  have  their  experi- 
ments been  so  conducted  that  we  can  make  use  of  them  ?  The 
question  is  to  be  answered  decidedly  in  the  affirmative,  es- 
pecially as  regards  the  comprehensive  and  careful  experi- 
ments of  Begnault,  made  with  large  and  accurate  apparatus, 
described  on  page  381,  and  surpassing  in  accuracy  all  other 
experiments  of  ^the  same  character  by  other  physicists. 
The  experiments  of  Begnault  upon  steam,  as  also  upon  other 
vapors,  depend  not  only  upon  the  exact  determination  of  the 
heat  necessary  to  raise  1  kilogram  of  water,  under  a  given 
pressure,  from  0°  to  any  other  temperature,  or  to  convert, 
under  the  same  circumstances,  1  kilogram  of  water  at  O""  into 
steam,  but  also  upon  the  careful  determination  of  the  pressure 
of  the  steam  generated  from  water  at  any  temperature.  It  is 
not  the  place  to  describe  in  detail  the  apparatus  used  in  these 
remarkable  experiments,  nor  to  notice  here  the  very  ingenious 
methods  of  investigation.     This  belongs  to  experimental  phys- 
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io&  We  shall  only  cite  some  of  his  experiments,  in  order  to 
show  that  they  answer  well  the  purposes  of  our  investiga- 
tions. 

Before  doing  this,  we  shall  call  attention  to  the  principal 
properties  of  steam  and  the  different  kinds  of  steam. 

General  Properties  of  Steam. — SaturcUed  cmd  Superheated  Steanu 
— ^Let  /.,  //.,  ///.,  Fig.  59y  be  prismatic  or  cylindrical  vessels 
of  1  square  meter  cross-section,  each  holding  1  kilogram  of 
water,  the  air-tight  piston  KK  being  in  contact  with  the  sur- 
&ce  of  the  water.  Let  the  piston  in  /.  be  loaded  with  10334, 
that  in  //.  with  2  x  10334,  and  in  III  with  3  x  10334  kilograms, 
the  space  above  being  a  vacuum. 

In  order  that  the  piston  in  /.  shall  begin  to  rise,  or  vapori- 
zation begin,  experi- 
ments show  that  the 
water  must  be  heated 
up  to  100°.  In  //.  the 
water  must  be  heated 
up  to  120.6\  In  III, 
up  to  134^ 

If  all  the  water  is 
converted  into  steam 
in  all  three  cylinders, 
the  piston  in  /.  will  be  « 
raised,  as  shown  by 
experiment,  to  1.66  m., 
in  //.  to  0.86,  and  in  ///.  to  0.69  meters.  In  /.,  therefore,  the  1 
kilogram  =  0.001  cubic  meters  of  water  has  become  1.65  cubic 
meters,  in  IL  the  same  water  volume  becomes  0.86,  and  in  III. 
0.59  cubic  meters  of  steam.  In  /.,  then,  from  1  cubic  meter  of 
water,  we  should  obtain  1650  cubic  meters  of  steam  of  100° ;  in 
//.,  860  cubic  meters  at  120.6° ;  and  in  ///,,  590  cubic  meters  at 
134°.  The  number  which  denotes  how  many  cubic  meters  of 
steam  are  generated  from  1  cubic  meter  of  water,  or  generally, 
the  ratio  of  the  volume  of  the  steam  to  that  of  the  water  from 
which  it  is  generated,  is  called  the  "  specijic  steam  volume.*' 
In  /.  it  is  1650;  in  J/.,  860;  in  IZ7.,  590. 

Since  in  //.  the  same  weight  of  steam  (1  kilogr.)  is  contained 
in  about  half  the  space  that  it  occupies  in  7.,  the  density  (weight 
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of  unit  of  Yolume)  is  about  twice  as  great    In  III.  we  have  in 
about  ^d  of  the  yolume  the  same  weight  as  in  /.,  hence  the 
density  is  about  3  times  as  great  as  in  /. 
We  can  recognize,  then,  the  following  principles : 

1.  The  greater  t/ie  pressure  the  higher  the  temperature  at  whick 
vaporization  begins. 

2.  Since  the  steam  holds  the  outer  pressure  in  equUtbriumy  the 
higher  tJie  temperature  the  greater  the  pressure  of  the  steam  generated. 

8.  From  a  certain  volume  of  icatei*  there  is  generated  for  any 
given  temperature  a  definite  and  invariable  steam  volume. 

(The  ratio  of  this  yolume  to  the  water  yolume,  or  the  specific 
steam  yolume,  must  be  less  the  greater  the  temperature.) 

4  The  density  is  greater  for  high  temperatures  than  for  lotoer, 

5.  The  greater  pressure  of  the  steam  at  high  temperatures  de- 
pends less  upon  the  difference  of  temperature  than  upon  the  greater 
density. 

We  haye  here  assumed  that  the  steam  is  formed  directly  from 
the  water,  and  that  steam  and  water  are  in  contact  up  to  the 
moment  when  the  last  drop  of  water  is  eyaporated.  Such  steam, 
which  for  reasons  we  shall  soon  learn  we  call  "saturated"  must 
be  distinguished  from  other  kinds  of  steam  which  we  shall  haye 
occasion  to  speak  of. 

If,  when  all  the  water  is  just  conyerted  into  steam,  and  the 
pistons  are  at  their  highest  positions,  we  fix  the  pistons  im- 
moyablj  and  force  steam  into  the  spaces  already  filled  with 
steam,  condensation  will  occur  and  an  amount  of  steam  will  be 
condensed  equal  in  weight  to  the  amount  of  fresh  steam  forced 
in.  The  same  will  be  the  case  if  the  pistons  are  forced  down, 
proyided  the  temperature  remains  constant  We  say,  there- 
fore, that  the  spaces  are  filled  with  "  saturated  steam^**  that  is, 
steam  just  at  the  point  of  condensation.  As  long  as  steam  is 
in  contact  with  the  water  from  which  it  is  being  generated,  it 
must  at  any  moment  be  at  its  point  of  condensation,  and  there- 
fore "saturated."  Saturated  steam  differs,  then,  essentially 
from  a  permanent  gas,  in  that  it  cannot  be  compressed  like  gas 
under  constant  temperature.  If  thus  compressed,  a  portion  is 
condensed  while  the  pressure  remains  the  same. 

If,  for  example,  Os^  in  Fig.  60,  is  the  steam  yolume  of  165 
cubic  meters  which  is  generated  in  /.  from  1  kilogram  of  water, 
and  sB^pis  the  pressure  (10,331  kiL  per  sq.  meter),  and  if  by 
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forcing  down  the  piston  the  steam  is  compressed  gradually, 
then,  uvder  the  condition  that  the  temperature  is  kept  constant^  the 
pressure  j}  remains  the  same.  If  all  the  steam  is  converted  into 
water,  we  have  finally  one  kilogram  of  water  at  100°,  which  oc- 
cupies the  space  O^i  of  0.001 
cubic  meter.  T/te  straight 
line  'BA^*2^rcdld  to  OX,  rep- 
resents the  change  of  condition 
of  the  steam  when  compressed 
Wider  constant  temperature. 
If,  inversely,  we  evaporate 
the  1  kilogram  of  water  of 
lOO''  under  the  constant 
pressure  p^  the  point  A 
passes  from  A  to  B.  It 
is  evident  that  in  compressing  the  steam  we  must  abstract, 
in  order  to  keep  the  temperature  constant,  as  much  heat  as 
must  be  imparted  during  its  generation. 

If  now  we  consider  the  steam  in  L  still  further  heated,  then 
if  the  pressure  remains  constant  it  expands  while  its  temper^ 
ature  increases.  Suppose  that  from  the  moment  of  expansion 
it  is  no  longer  in  contact  with  water.  The  steam  is  now  no 
longer  saturated,  no  longer  just  at  the  point  of  condensation, 
and  since,  with  the  same  pressure,  it  has  a  higher  temperature, 
we  call  it  "  superheated** 

Superlkeated  «fcam,t  then^  is  steam  which  for  the  same  pressure 
has  a  greater  temperature  and  a  greater  specific  volume  than  satu- 
rated steam. 

The  more  the  steam  is  superheated,  the  more*  it  approaches 
the  condition  of  a  permanent  gas,  but  only  at  a.  very  consider- 
able distance  from  the  point  of  saturation  are  its  properties 
essentially  the  same. 

If  the  pistons  in  /.,  IL^  and  IIL  are  held  fast,  and  then  more 
heat  added,  both  the  temperature  and  pressure  increase.  The 
steam  is  superheated.  If,  for  example,  in  L  the  pressure  is 
about  twice  as  great,  the  temperature-  is  considerably  greater 
than  120.6'',  which  is  that  of  saturated. steam  of  the  same  pressr 
ure.    We  also  understand,  therefore,,  by  superheated  steam» 
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steam  which  for  the  same  spedjic  vdume  has  a  Mgher  pressure  and 
a  higher  temperature  than  saturated  ateam. 

Suppose  we  have  below  the  pistoD  KK,  f^.  61,  highly  super- 
heated steam.    We  now  force  the  piston  gradnall;  down.    The 
deportment  of  the  steam  is  at  first  that  of  a  per- 
manent gas.    If,  therefore,  we  keep  the  temper- 
ature  constant,  the  preseuie   increases   InTersely 
with  the  volume,  and  the  change  of  condition  fol- 
lows Mariotte's  law.    If  heat  is  not  abstracted,  the 
presaure  increases  in  a  greater  ratio  according  to 
the  exponential  law  of  Foisson,  or  "  adiabaticollj," 
only  we   have   now  no  lot^r  the  exponent  1.41, 
which  was  for  air,  bat  another  valoe  for  the  expo 
nent.    The  more  we  force  down  the  piston,  onder 
constant  temperature,   the   more   we   approach  a 
point  where  Mariotte's  law  no  longer  holds  good. 
This  point  lies  near  the  point  of  satoration  or  of 
condensation.    When  this  point  is  reached,  farther 
p,g  g,         compression  simplj  caases  oondensaidon,  the  preas- 
ore  remains  constant  and  Mariotte's  law  entirely 
ceases  to  apply- 
That  which  has  been  said  concerning  steam  applies  to  all 
"  vapors,"  that  is,  to  all  gaseous  bodies  generated  from  liquids, 
and  which  by  ordinary  compression  or  cooling  can  be  recon- 
verted into  liquids.     Such  are  the  steam  from  spirits  of  wine, 
ether,  carbonic  acid,  mercury,  etc.     Only  the  numerical  rela- 
tions between  temperature,  pressure,  specific  volume,  eta,  are 
different 

We  pass  now  to  a  subject  which  is  also  of  special  interest 
in  the  mechanical  theory  of  heat,  that  is,  to  the  exact  deter- 
mination of  the  relation  between  the  pressure  of  steam  and  its 
temperature. 

Empirical  FormvhiB far  the  Pressure  avd  Temperature  of  Sal- 
v/rated  Steam. — Very  many  experiments  have  been  made  in 
order  to  determine  the  pressure  of  saturated  steam  at  differ^ 
ent  temperatures.  !N'one  of  them  possess  greater  reliability 
and  exactness,  and  none  are  more  comprehensive  than  those 
made  by  Begnauli  The  method  of  his  investigations  depends 
upon  the  principle  which  holds  good  for  every  liquid,  that  the 
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temperature  at  which  water  boSs  remains  amstami  so  long  as  Ihe 
pressure  vpoa  the  liquid  is  constaai,  and  that,  therefore,  the  preBB- 
ure  of  the  steam  is  in  equilibrium  with  this  preaeure.  Experi- 
menters  before  Segn&ult  measured  the  steam  pressure  direct- 
ly. Now  it  is  very  difficult  to  maintain,  even  for  only  a  few 
minutes,  the  t«mperataro  of  the  water,  and  hence  the  ezpan- 
Bive  foroe  of  the  steam,  constant,  in  a  vessel  dosed,  and  ex- 
pooed  to  fire,  because  the  heat  of  the  fire  varies.  Tet  this  is 
necessary  while  noting  the  temperature  and  pressure.  In  order 
to  avoid  the  inaccuracies  arising  from  such  method  of  observa- 
ti(m,  Begnault  compressed  the  air  which  surrounded  his  vesaeL 
Id  order  that  the  steam,  when  generated,  should  not  act  to  in- 
crease the  outer  presBoxe,  it  was  condensed  in  a  special  vesBel 
just  as  soon  as  it  was  generated.  We  give  a  sketch  of  Keg- 
nault's  apparatus.  Fig.  62.  C  is  a  Bmall  copper  boiler,  into 
which  four  thermometers  enter ;  two  enter  the  water  and  two 
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the  steam  only,  in  order  to  determine  if  the  water  and  steam 
have  always  ih%  same  temperature.  The  steam  space  of  C  is 
connected  by  a  pipe,  TT,  with  a  large  globe,  -1,  of  about  24 
UterB  capacity,  which  is  contaiued  in  a  vessel,  VV,  filled  with 
water. 
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From  this  globe  leads  a  pipe  with  cock,  ^^  to  an  air-pump, 
so  that  the  air  can  be  compressed  at  will  in  the  globe  and 
boiler.  The  pressure  of  the  air  in  both  globe  and  boiler  is 
shown  bj  the  manometer,  nn,  mm,  which  communicates  with 
the  globe  by  the  pipe  -&.  The  pipe  TT  is  surrounded  by  a 
jacket  rVy  through  which  cold  water  continually  circulates. 
The  steam  generated  in  C  must,  therefore,  since  the  air  is  kept 
cool,  be  at  once  condensed,  and  cannot  therefore  contribute  to 
increase  the  expansive  force  of  the  air.  When,  now,  the  air  in 
A  and  in  0  has  been  compressed,  and  the  pressure  exactly 
noted  on  the  manometer,  the  water  in  (7  is  heated  until  the 
thermometer  shows  a  constant  temperature.  This  we  may  "be 
sure  is  the  temperature  under  which,  for  the  given  pressure, 
the  water  boils.  And  the  expansive  force  of  the  steam  at  this 
temperature  is  exactly  equal  to  the  pressure  as  indicated  by 
the  manometer. 

Begnault  used  in  his  experiments  a  large  and  a  small  appara- 
tus. The  first  served  especially  for  the  determination  of  press- 
ures for  temperatures  between  ITO""  and  230"",  the  other  between 
0°  to  170°. 

The  experiments  of  Begnault  have  thus  far  furnished  no 
exact  law  as  to  the  relation  of  pressure  and  temperature  of 
saturated  steam.  We  have  only  empirical  formulse  which  give 
this  relation  with  more  or  less  accuracy.  Of  all  these  for- 
mulae, none  agree  with  the  results  of  experiment  better  than 
that  of  Begnault  himself,  as  also  the  formula  of  Magnus  and 
Bontgen. 

Begnault  gives  three  formulse,  the  first  for  temperatures  from 
-  32°  to  0°  C,  the  other  for  from  0°  to  100°  0.,  and  the  third  for 
temperatures  above  100°  up  to  230°  0. 

The  first  formula  has  the  form 

(-32°to0°)  p-a  +  ba^ 

where    a  =  -  0.08038,    log  b  =  1.6024724,    log  a  =  0-033398O, 

x=t  +  S2 

where  t  is  the  temperature.  This,  as  well  as  all  the  other 
formulsB  of  Begnault,  gives  the  pressure  p  in  millimeters  of 
barometric  height,  760  millimeters  to  one  atmosphere. 
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The  second  f ormnla  of  Eegnault  has  the  form 

(0^  to  100°)  \ogp  =  a^ho^-cl3^ 

where  a  =  47393707,  log  6  =  2.131990711,  log  a  =  0.006864937, 

log  c  =  0.611740767,  log   fi  =  L996725536,  and  t  is  again  the 
temperatnre. 
The  third  formula  is 

(100°  to  230°)  log. p  =  a-ho^-cfi^ 

where  a  =  6.26403i8,  log  6  =  0.1397743,  log  a  =  1.994049292, 

log  c  =  0.6924361,  log  fi  =  1.99834862,  »  =  ^  +  20. 

Before  giving  other  formulse,  let  us  see  how,  from  the  pre- 
ceding, the  pressure  of  steam  may  be  found  from  the  tem- 
perature. 

EXAMPLE. 

What  is  the  pressure  of  satnrated  steam  whose  temperature  is  ^^  C.  ? 

We  must  use  here  the  second  formula. 

First,    log    oi  =  0.006864087  x  20  =  0.18720874   and    log   h  +  log    a<  = 

1:181090711  +  0.18720874  =  2.260289  =  the  number  0.0185008.      We  have  for 

log  p^,  r.006725586  x  20  =  T.08451072,   and  log  6  +  log    /?<  =  0.611740767  + 

1.98451072  =  0.54625140  =  the  number  8.5177.  Then,  a  -  c/3'  =  4.78987  -  8.5177 
=  1.22167.  Finally,  log  i>  =  0.0185008  +  1.22167  =  1.24026.  Hence  ^  =  17.388 
millimeters.  More  exact  calculation  would  have  given  17.871.  Table  I.  at  the 
end  of  this  work  gives  the  pressure,  according  to  Regnault's  calculations,  from 
-  82"  to  280^ 

The  formula  of  Magnus  is 

7.4175  t 

p  =  4525  X  10"*^+' 

in  which  t  is  the  temperature  and  p  the  pressure  in  millimeters. 
It  gives,  for  temperatures  below  100^,  excellent  results  as  com- 
pared with  experiment.  Above  100''  the  agreement  is  not  so 
good.  By  a  change  of  coefficients,  however,  great  exactness 
may  be  attained  here  also.  The  formula  is,  moreover,  very 
convenient  for  calculation,  as  an  example  will  show. 
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Wliat  is  the  preasore  of  satotated  steam  at  180*"  ? 

7.4475  y  ISO  MUn 


Here  /=  130,  hence  i?  =  4.525  x  iO«*-"  +  "«  =4535  x  lO*^**  =  4585  x 
101I548.  ^ow  the  log  of  10>«M«  is  2.6548,  and  the  corresponding  number  is  451.65i 

Hence  p  =  4525  x  451.66  =  2042.716  millimeters  =  ^^     =  2.688   atmos- 
pheres.   According  to  Begnault's  formula  we  should  have  2.671  atmospheres. 

The  formula  also  has  the  advantage  that  we  may  find  in- 
Terselj  the  temperature  from  the  pressure. 
Thus  we  haye 

log^  =  log  4526 +  ^g^, 

or 

23469  log  JO  +  <  log^  =  234.69  log  4525  +  t  log  4525  +  7.4475^ 
hence 

_  23469  (log  p  -  log  4525)  ^23469  log  j?  ~  153.867 
""  log  4525  -  log  j9  +  7.4475  8.10312  -  log^      " 

EXAMPLE. 

If  the  pressure  of  steam  is  10mm.  what  is  its  temperature? 
Here^  =  10,  hence  log^  =  1,  and  weiiave 

^  _  23469  -  153.867      80.823  _^, 
'"  7.103  -^  7.103  -^l-^- 

The  formula  of  Bontgen,  for  temperatures  from  —  32°  to  100% 

is 

log^  =  log  760  —  (a  +  &»  +  ca?  +  daf) a?, 

where  a  =  0.015432,        b  =  0.0000542,        c  =  0.000000070^ 
d  =  0.0000000000066,        a?  =  100  -  ^. 

Here  t  is  the  temperature,  and  p  is  given  in  millimeters. 

If  j9  is  given  in  atmospheres,  we  have  more  simply 

t 

log  J?  =—  (a  +  te  +  ca?  +  djf)  a?, 

the  coefficients  being  the  same. 
Aboye  100°  the  formula  is 

log^  =  log  760  —  (a  +  fee  +  (XX?) x. 
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Where  a  =  0.015432,        I  =  0.00004265,        c  =  0.0000000704, 

and  X  =  100  -  <. 

Heie  again,  for  the  pressure  in  atmospheres,  we  have 

logp  =  —  (a  +  to  +  ax?)  X. 


EXAMPLE. 

What  is  the  tension  of  saturated  steam  when  the  temperature  is  106.06**? 

Here  t  =  106.08,  hence  100  —  /=:--  5.08.  Therefore,  in  the  equation  log|^  = 
log  760  ~  (a  +  fta;  +  cad')  x^  the  first  and  third  term  in  the  parentbesiB  will  be 
positiye,  and  the  second  negative. 

We  have 

a =     0.015489 

ex*  =  0.0000000704  x  25.806 =      OOOOOOl^ 

0.01543383 

hx  =  0.00004365  x  —  6.08 =  —  0.00081666 

a  +  &r  +  «« =   0.01521716 

—  (a  +  &r  +  C3;*)a; =   0.0773024 

log  760 =      2.8808186 

logi> =      2.9581160 

p  =  908.06  millimeters. 

Begnanlt  found  by  experiment  90487  millimeters. 
The  following  table  gives  the  pressures  for  other  liquids,  ac- 
cording to  Kegnault. 


T«np«t.« 

Ether. 
(C4H„0) 

Alcohol. 
(C,H.O) 

Acetone. 
(C,H,0) 

Chloroform. 

(CUCl.) 

Chloride  of 

Carbon. 

(CCU) 

BfsDlphlde 

of  Carbon. 

(CS.) 

o« 

184.88 

12.70 

63.38 

59.72 

82.95 

127.91 

10 

286.88 

24.28 

110.82 

100.47 

55.97 

198.46 

20 

482.78 

44.46 

180.08 

160.47 

90.99 

298.08 

80 

684.80 

78.62 

280.05 

247.51 

142.27 

448.63 

40 

907.04 

183.69 

419.35 

369.26 

214.81 

617.58 

60 

1264.88 

219.90 

608.81 

535.05 

314.88 

857.07 

60 

1725.01 

850.21 

860.96 

755.44 

447.43 

1164.51 

70 

2804.90 

541.15 

1189.90 

1042.11 

621.15 

1552.09 

80 

8022.79 

812.91 

1611.05 

1407.64 

843.29 

2032.58 

90 

8896.26 

1189.80 

2140.82 

1865.22 

1122.26 

2619.08^ 

100 

4953.80 

1607.55 

2796.20 

2428.54 

1467.00 

8325.19' 

110 

6214.68 

2867.64 

8594.38 

3110.99 

1887.44 

4164.06' 

120 

7719.80 

8231.73 

4551.95 

8925.74 

2898.67 

61^79 

180 

4328.00 

5684.90 

4885.10 

2996.88 

6291. 60^ 

140 

5674.59 

7007.64 

6000.16 

8709.04 

7608^96 

25 
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QUESTIONS  FOB   EXAIONATIOK. 


••-^^^tcx- 


What  pressure  in  Imograms  per  sqoare  meter  is  equal  to  one  atmosphere  f   What  ia  a  liter  f 


1 


y  "    How  many  millimeters  of  the  barometer  correspond  to  one  atmosphere  ?    When  water  Is 

in  a  vessel  ander  constant  pressure,  describe  the  different  effects  of  the  heat  imparted.  In  each 
kilogram  of  water,  how  many  heat  units  go  to  perform  tne^6nter  work  f  How  many  to  perform 
,1,^  disgregation  work?    How  many  to  perfoW  vibration  work  ?   What  then  Is  the  total  heat  im- 

i-^rted  in  heat  units ?    Define  wh^t  you  mean  by  heat  unit. 
/^         What  is  the  relation  between  pressure  and  temperature  at  wliich  vaporisation  begins?    IHos- 
trate.    What  Is  **  specific  "  steam  volume  ?    Illustrate.     How  does  this  vohime  vary  with  the 
temperature  ?    How  does  the  density  of  steam  vaiy  with  the  temperature  ?   Upon  what  does 
the  increased  pressure  of  steam  at  high  temperatures  mainly  depend  ? 

What  do  you  understand  by  saturated  steam  ?  Illustrate.  How  does  it  differ  from  penn*- 
nent  gas  ?  What  do  you  mean  by  superheated  steam  ?  Why  is  it  called  ff(p«r-heated  ?  What  to 
its  specific  volume  as  compared  with  saturated  ?  For  the  same  specific  volume  how  do  the  pvesa- 
nre  and  tempen^re  compare  with  saturated  ?  If  saturated  steam  is  compreased  under  conetsnt 
temperature,  what  happens  ?  If  superheated  steam  is  compressed,  what  happens  ?  What  la  a 
"vapor?" 

Upon  what  principle  do  the  experiments  of  Regnault  depend  ?  What  was  the  object  of  tboni  7 
Why  cannot  the  steam  pressure  be  measured  directly  T  How  did  Kq(nanlt  avoid  these  inaecura- 
cies  ?  Describe  his  apparatus  and  ito  method  of  working.  Have  his  experiments  given  any 
exact  law  between  pressure  and  temperature  of  saturated  steam  ?  If  saturated  steam  has  a  cer- 
tain temperature,  has  it  a  definite  pressure  ?  Below  what  limit  of  temperature  does  the  formula 
of  Magnus  give  good  results  ?  What  limits  are  included  by  Begnault^s  fotmulie?  Are  these 
formulae  within  their  limits  reliable  ?  How  were  they  deduced  ?  Between  what  limita  does 
ROntgen'e  formula  hold  good  ?  Do  any  of  these  formuls  hold  good  for  superheated  steaaaf 
Why  not?    What  is  given  by  Table  I. f 

Note. — Rankine  gives  for  the  relation  between  pressure  and  temperature  ctf 
saturated  steam 

where  T=  absolate  temperature  =  t  +  461^**  Fah., 
p  =  pressure  in  pounds  per  sqwurefoott 

and  the  values  of  the  constants  are  as  follows : 

J?  at 

A  \ogB  logo  ^  j^ 

Water 8.2591  8.48643  5.59873  0.008441  0.00001184 

Alcohol 7.9707  8.81388  5.75828  0.001812  0.000008288 

Ether 7.5732  8.81492  6.21706  0.006264  O.0000UI24 

Bisulph.  of  Carbon.  7.3488  8.80728  6.21889  0.006186  O.O0O08766 

Mercury 7.9691  8.72284 

For  inches  of  mercury  at  82°,  subtract  from  A,  1.8496. 
For  pounds  per  sq.  inch,  subtract  from  A,  2.1584. 
For  the  Centigrade  scale,  subtract  from  log .8,  0.26527. 
For  the  Centigrade  scale,  subtract  from  log  0,  0.51069. 

For  the  Centigrade  scale,  multiply  ^^^  by  1.8. 

B* 

For  the  Centigrade  scale,  multiply  -j^  by  8.24. 


CHAPTEB  XV. 

HEIT  OF  THE  LIQUID. — ^TOTAL  HEAT. — INNEB  AND  OUTEB  ttrat  OF 

VAPOBIZATION. — HEAT  OF  THE  STEAM. 

Specific  Heat  and  Heat  of  the  Liquid. — Begnanlt  has  a^o  inves- 
iigated,  with  the  same  carefal  accuracy,  whether  the  amount  of 
heat  required  by  water  for  a  certain  given  rise  of  temperature 
is  the  same  at  high  temperatures  as  at  low.  In  other  words, 
whether  the  specific  heat  of  water  is  constant  for  all  tempera- 
tures— ^if,  for  example,  the  heating  of  one  kilogram  of  water 
from  0"*  to  10°,  20"*,  etc,  requires  ten  or  twenty  times  as  much 
heat  as  from  (f  to  V.  Begarded  from  the  standpoint  of  the 
mechanical  theory  of  heat,  this  involves  the  following  ques- 
tions: 

1.  Is  the  work  required  for  a  certain  rise  of  temperature  of 
the  water  greater  or  less  for  high  temperatures  than  for  low? 

2.  Is  the  disgregation  work  and  outer  work  greater  or  less  ? 

This  last  would  be  the  case,  if  the  water  at  high  tempera- 
tures expanded  more  or  less  than  at  low.  Numerous  experi- 
irents  have,  however,  shown  that  the  expansion  of  water  is 
almost  the  same,  relatively,  under  the  ordinary  pressure  of  the 
atmosphere,  for  all  temperatures.  Since,  as  we  have  seen  al- 
ready in  Part  L,  the  disgregation  work  is  extremely  small  in 
comparison  with  the  vibration  work,  we  can  also  neglect  its 
influence,  and  have  only  to  consider  that  heat  which  is  requi- 
site for  the  rise  of  temperature. 

The  apparatus  used  by  Begnault  consisted  in  part  of  that 
which  he  made  use  of  for  the  determination  of  steam  pressure, 
viz.,  of  a  boiler,  in  which  the  pressure  and  temperature  of  the 
steam  and  water  were  carefully  determined.  By  means  of  a 
pipe,  closed  by  a  cock,  the  water-space  of  the  boiler  was  con- 
nected with  a  calorimeter.    The  water  passing  from  the  boiler 
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to  this  calorimeter  could  be  exactly  determined,  and,  by  ther- 
mometerSy  the  temperature  of  the  cooling  water  was  deter- 
mined at  every  instant.  By  a  suitable  apparatus  the  hot  water 
was  made  to  mix  quickly  with  the  cold  water  of  the  calorim- 
eter, so  that  as  little  heat  as  possible  was  lost  by  radiation 
and  conduction. 

After  the  air  pressing  upon  the  water  in  the  boiler  had  been 
compressed  to  a  given  point,  and  the  water  brought  to  the  boil- 
ing point,  the  cock  was  opened  for  a  short  time,  so  that  a  cer- 
tain quantity  of  water  passed  into  the  calorimeter,  under  al- 
most constant  pressure. 

If,  noW|  the  water  while  heated  up  to  boiling  had  expanded 
much,  it  would  have  overcome  the  air  pressure  through  a  cer- 
tain distance,  performed  a  certain  amount  of  mechanical  work, 
and  a  certain  quantity  of  heat  would  have  disappeared.  On 
entrance  into  the  calorimeter,  the  water  would  then  have  con- 
tracted under  the  same  pressure,  work  would  have  been  re- 
ceived by  it,  and  heat  would  have  reappeared  We  should, 
therefore,  have  recovered  the  heat  necessary  for  the  expansion 
of  the  water.  Further,  the  water  rushes  into  the  calorimeter 
with  a  certain  velocity.  For  the  generation  of  this  velocity  a 
certain  amount  of  heat  must  be  expended.  But  neither  can 
this  be  lost,  because  the  water  comes  gradually  to  rest  in  the 
calorimeter,  so  that  its  living  force  is  transformed  into  heat 
again.  Therefore  the  heat  appearing  in  the  calorimeter  is  pre- 
cisely that  which  the  water  received  in  the  boiler. 

From  his  experiments  Begnault  found  by  calculation  that  the 
specific  heat  of  water  between  the  temperatures  ^i  and  iy  for  ex- 
ample, between  W  and  40°,  or  between  90""  and  30"",  is  given  by 
the  equation 

Ci,.i  =  l+a(^  +  0  +  6(^'  +  «i  +  <^    •    •     (!)• 

in  which  i^  is  the  higher  and  t  the  lower  temperature.  For 
from  0°  to  t^  we  have,  therefore, 

(7,,  =  1  +  a^  +  6^» (2). 

In  order  to  determine  the  coefficients  a  and  &,  Begnatilt 
found  first  the  mean  specific  heat  of  water  between  0''  and  100^, 
or  that  heat  which  in  the  mean  is  required  by  1  kilogram  of 
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water  between  0°  and  100°  to  raise  its  temperature  1^.    He 
found  for  this  1.005  heat  units,  so  that  we  have  from  (2) 

Cioo  =  1.006  =  1  +  a  X  100  +  6  X  100»    •    .    (3). 

For  the  specific  heat  between  O''  and  200"^,  he  found  C%»  = 
1.016.     Hence  we  have 

Caoo  =  1.016  =  1  +  a  X  200  +  &  X  200»    .    .    (4). 
From  (3)  and  (4)  a  and  h  can  be  readily  found.    We  have 

a  =  0.00002    and    6  =  0.0000003; 
hence  equation  (1)  becomes 

C|,.|  =  1  +  0.00002  (<  +  ^)  +  0.0000003  (^  +  «i  +  t!).    (5), 
For  Fahrenheit  degrees  this  becomes 
C;..«=l +0.0000111  [(^-32)+(^- 32)]+ 0.0000000926  [(^-32)» 

+  (^  -  32)  ip  -  32)+(^  -  mf]. 

EXAJfPLE. 

What  is  the  mean  specific  heat  of  water  between  IS*"  and  25°,  and  how  much 
heat  is  necessaiy  to  raise  1  kilogram  of  water  from  IS"*  to  25**  ? 
Here  t^  =  25,  and  i  =  15,  and  t  +  ti  =40.    Hence 

C»-i»=  1  +  0.00002  X  40  +  0.0000008  x  (15«  +  15  x  26  +  26«) 
=  1  +  0.0008  +  0.0000003  x  1225 
=  1.0011675  heat  units. 

Therefore  the  heat  necessary  to  raise  1  kilogram  of  water  from  16**  to  26"  is 
1.0011675  (25  -  15)  =  1.0011675  x  10  =  10.011675  heat  units.  If  the  specific  heat 
of  water  were  constant  for  all  temperatures,  the  heat  required  would  have  been 
simply  10  heat  units. 

If  in  (5)  we  pnt  0  in  place  of  t^  we  have  the  specific  heat  of 
water  between  O''  and  f^.    If  we  denote  this  mean  specific  heat 

by  Ofnf  we  have 

(7„,  =  1  +  0.00002^  +  0.0000003^ .    .    •    (L) 

For  Fahrenheit  degrees 

(7«  =  1  +  0.0000111  (t  -  32)  +  0.0000000926  (t  -  32)1 

Thus  the  mean  specific  heat  between  O"*  and  160^  is 

0«  =  1  +  0.00002  X  150  +  0.0000003  x  150»  =  1.00975. 

The  amonnt  of  heat  necessary  to  raise  1  kilogram  of  water 
from  O*"  to  ^**  is  evidently 

CU^  =  (1  +  0.00002e  +  0.0000003<»)  t 
=  t  +  0.00002?  +  0.0000003?. 
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This  heat  is  very  appropriately  called  the  ^'heat  of  the 
liquid,"  and  denoted  bj  q^  so  that 

g  =  ^  +  0.00002<*  +  O-OOOOOOS^*  .    .    .    (EL) 
or  for  Fahrenheit  degrees  for  1  pound, 

g  =  (^  -  32)  +  0.0000111  {t  -  32/+  0.0000000926  {t  -  32/. 

This  very  important  equation  gives,  therefore,  the  quantity 
of  heat  in  heat  units  necessary  to  raise  1  kilogram  of  water 
from  0°  to  t\ 

The  values  in  column  6  of  Table  IL  are  calculated  from  this 
formula. 

Begnault  has  found  the  heat  of  the  liquid,  for  other  liquids 
also,  and  given  empirical  formulae,  as  follows  : 

For  Ether g=0.62901«  +  0.0002959?, 

Alcohol g=0.54764:^  + 0.001122? +  0.000002<». 

Acetone j=0.50643^  +  0.000397?. 

Chloroform 5=0.23235^  +  0.0000507?. 

Chloride  of  carbon. .  .j=0.19798^+ 0.0000906?. 
Bisulphide  of  carbon.. 5'=0.23523«  + 0.000082?. 

To  reduce  these  formula  to  English  units,  divide  the  second 
term  on  right  by  1.8,  and  divide  the  third  by  3.24  The  first 
remains  unchanged.     Put  ^  —  32  in  place  of  ^. 

We  have  thus  far  spoken  of  the  mean  specific  heat  of  water, 
that  is,  of  the  mean  amount  of  heat  required  to  raise  1  kilogram 
•of  water  one  degree,  between  the  limits  ^  and  ^°  or  0"*  to  f^. 
But  this  is  not  the  heat  necessary  to  raise  the  temperature  of 
water  1°  above  a  given  point,  or,  more  properly,  a  very  little 
above  that  poini  Since  in  this  case  i^  is  but  little  greater  than 
tf  we  find  the  cuiiwX  specific  heat  at  f  by  making  ^  =  ^  in  (5). 

If  we  denote  this  "  actual  specific  heat "  by  G  simply,  we 

have 

(7  =  1  +  0.00002  (20  +  0.0000003  (3?), 
or 

(7=1  +  0.00004^  +  0.0000009?  .  .  .  (IBL) 

For  Fahrenheit  degrees 

(7  =  1  +00000222  {t  -  32)  +  0.0000002778  {t -  32)^. 

ExAMPLB  l.^What  is  the  actual  specific  heat  of  vater  at  100°  and  at  180"*  ? 
For  100**  we  hare 

C=  1  +  0.00004  X  100  +  0.0000009  x  10000 
=  1  +  0.004  +  0.009  =  1.013. 
If,  then,  we  denote  the  heat  necessary  to  raise  1  kilogram  of  water  at  0**  a  tbtj 
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little  higher,  by  x^  the  heat  necessary  to  raise  1  kilogram  at  100°,  the  same  small 
amoont  is  l.OlSx. 

The  specific  heat  at  180°  is 

(7=1  +  0.00004  X  180  +  0.0000009  x  16000 
=  1  +  0.00520  +  0.01521 
=  1.02041. 

ExAMFLB  2. — How  many  heat  units  are  necessary  to  raise  100  Idlpgrams  of 
water  trom  0°  to  100°  ? 
From  (II.)  we  have 

9  =:  100  +  0.00002  X  10000  +0.0000008  x  1000000 
=  100  +  0.2  +  0.8  =  100.5  heat  units, 

hence  100  kilograms  will  require,  in  order  to  raise  the  temperature  from  0°  to 
100%  100.6  X  100  =  10050  heat  units. 

The  heat  necessary  to  raise  one  kilogram  of  water  from  t  to 
t,  degrees,  is  given  by 

g^  -  g  =  ^  -  ^  +  0.00002  {t^-f)-¥  0.0000003  (j^  -  f). 

Thus,  to  raise  one  kilogram  of  water  from  lO""  to  100°,  we 
require 

jj «  g  =  100  - 10  +  0.00002  (100»  - 10')  +0.0000003  (100*  -  W) 
=  90  +  0.198  +  2997  =  90.4977  heat  units. 


TdUd  Heat  and  Heat  of  VaporizcUion. — ^The  **  total  heat/'  that 
is,  the  amount  of  heat  necessary  in  order  to  raise  1  kilogram  of 
water  gradually  from  O''  to  acUurcUed  steam  of  a  given  tempera- 
ture and  pressure,  has  also  been  determine^d  with  great  care 
by  Begnauli  A  part  of  the  apparatus  used  in  these  experi- 
ments consisted,  as  before,  of  the  boiler  and  globe  already 
described.  The  steam  generated  x^as  conducted  into  a  calo- 
rimeter, which  was  also  connected  with  the  globe.  Since,  there- 
fore, the  water  was  evaporated  under  the  same  pressure  at 
which  it  was  condensed,  the  heat  obtained  in  the  calorimeter 
was  equal  to  that  imparted  to  the  steam  in  the  boiler. 

The  observations  showed  that  the  heat  imparted  to  1  kilo- 
gram of  water,  in  order  to  convert  it,  at  various  pressures,  into 
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saturated  steam,  increased  slowly  with  the  temperature,  and 
was  given  by  the  following  empirical  formulae : 

fr=606.5  + 0.305^ (IV.) 

For  Fahrenheit  degrees  and  English  units, 

Tr=  1091.7 +0.305  (^-32). 

where  W  is  the  total  heat  and  t  the  temperature  of  the  'vrater 
or  steam. 

Thus  in  order  to  convert  1  kilogram  of  water  into  steam  at 
10°,  20°,  or  100°,  we  require 

Jr=  606.5  +  0.305  X    10  =  609.55  heat  units. 
IF=  606.5  +  0.305  x    20  =  613.60    « 
W=  606.5  +  0.305  x  100  =  637 

For  the  total  heat  of  other  liquids,  Begnault  found  for 

Ether W=   9400  +  0.45000^  -  0.00055556?. 

Acetone W=  140.50  4-  0.36644^  -  0.000516?. 

Chloroform JT  =    67.00  +  0.1375^. 

Chloride  of  carbon. . . .  ^=    52.00  +  0.14625^  -  0.000172?. 
Bisulphide  of  carbon. .  W^   90.00  +  0.14601^  -  0.0004123?. 

To  reduce  these  formulae  to  English  units,  multiply  the  first 
term  on  right  by  1.8,  and  divide  the  third  by  1.8.  Thib  second 
remains  unchanged     Put  ^  —  32  for  t 

If  we  subtract  the  "  heat  of  the  liquid"  from  the  total  heat, 

we  have  not  only  the  heat  necessary  for  the  transformation  of 

the  water  into  steam,  but  also  that  required  for  the  outer  work. 

This  heat,  therefore,  we  call  the  "  total  heat  of  vaporization,^*  and 

denote  it  by  r. 

Accordingly  we  have 

r=  W-q (V.; 

or  putting  for  W  and  q  their  values, 

r  =  606.50  -  0.695«  -  0.00002^-  0.0000003?  .    (YL) 
For  Fahrenheit  degrees 

r  =  1091.7  -  0.695  {t  -  32)  -  0.0000111  (t  -  32)« 

-  0.0000000926  {t  -  32j». 
From  this  formula  we  see  that  the  ^'  total  heat  of  vaporiza- 
tion" diminishes  as  the  temperature  increases;   is  less,  for 
example,  at  200"  than  for  100°. 

The  following  formulae  give  the  total  heat  of  vaporization  for 
other  liquids  for  Centigrade  degrees. 
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For  Ether r  =  94.00  -  0.07901^  -  0.0008614^. 

Acetone r  =140.5   -  0.13999^  -  0.0009125<^. 

Chloroform r=  67.00  -  0.09483^  -  0.0000507<*. 

Chloride  of  carbon. . .  .r  =  52.00  -  0.06173^  -  0.0002526A 
Bisulphide  of  carbon,  .r  =  90.00  -  0.08922^  -  0.0004938^. 

To  reduce  these  formulse  to  English  units,  multiply  the  first 
term  on  right  by  1.8,  and  divide  the  third  by  1.8.  The  second 
term  remains  unchanged.    Put  ^  —  32  for  t 

Instead  of  the  above  complicated  formulae  for  the  vaporiza- 
tion heat  of  water,  Clausius  gives 

r  =  607  -  0.708« (YH.) 

or  for  Fahrenheit  degrees  r  =  1092.6  •-  0.708  {t  -  32). 

According  to  this,  the  total  heat  of  vaporization  for  100°, 
150^  and  200°,  is 

r  =  607  -  0.708  x  100  =  607  -    70.8  =  536.2  heat  units. 
r  =  607  -  0.708  x  150  =  607  -   96.2  =  500.8    "       " 
r  =  607  -  0.708  x  200  =  607  -  141.6  =  465.4    " 

These  vary  somewhat  from  the  values  found  from  the  more 
exact  formula. 

The  facts  cited  seem  to  indicate  that  liquids  are  converted 
into  steam  sooner,  the  higher  the  temperature  at  which  evapo- 
ration takes  place,  or,  what  is  the  same  thing,  the  greater  the 
pressure  under  which  the  steam  is  generated.  The  reason  is 
evident,  for  the  more  heat  the  liquid  contains,  the  further  apart 
are  the  molecules,  and  the  less  is  the  mutual  attraction  between 
them.  The  "heat  of  the  liquid"  is  evidently  the  so-called 
''sensible  heat^'*  The  "total  heat  of  vaporization"  is  the  so- 
called  "latent  heai" 

Thus  far  reach  the  extended  and  famous  experiments  of  Beg- 
nault,  to  whom  our  science  is  greatly  indebted. 

TTe  pass  now  to  that  which  the  mechanical  theory  of  heat 
deduces  from  these  experiments. 

Inner  and  Ottter  Heat  of  Vaporization. — Heat  of  the  Steam. — 
Of  the  total  heat  imparted  when  1  kilogram  of  water  at  0"*  is 
converted  into  saturated  steam  at  any  given  temperature,  a 
portion  goes  to  increase  the  temperature  of  the  water.  This 
we  have  called  the  "heat  of  the  liquid,"  or  the  senMle  heat 
This  is  the  heat  which  takes  effect  as  vibration  work  of  the 
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particles,  and  exists  in  the  water  a8  heat.  Another  portion  goes 
to  change  the  water  into  steam.  This  we  call  the  ^'  total  heat 
of  vaporization "  or  the  latenJt  heat.*  Of  this  last  portion  a 
part  is  required  for  the  change  of  state  of  the  liquid,  that  is, 
for  the  disgregation  work,  and  another  part  is  required  for  the 
outer  work.  The  first  part  we  call  the  "inner  vaporization 
heat,*'  or  the  inner  latent  heat,  and  the  second  part  is  the  "  outer 
vaporization  heat,"  or  the  oiUer  latent  heat.  The  total  heat  im- 
parted, then,  during  the  whole  process  of  the  conversion  of  one 
kilogram  of  water  into  steam,  consists  of  three  parts — ^the 
sensible  heat  of  the  liquid  at  the  boiling  point,  the  inner  labad 
heat,  and  the  ovi^er  latent  heat.  The  two  last,  taken  together, 
comprise  the  total  latent  heat,  and  the  two  first,  the  "  heat  of  the 
steam,*'  since  it  is  the  heat  which  remains  after  subtracting  from 
the  total  heat  imparted  the  heat  required  for  the  performance 
of  the  outer  work.  The  rest  remains  in  the  steam,  part  as 
heat  or  actual  energy  of  motion,  in  the  shape  of  vibration 
work  or  sensible  heat,  and  part  as  energy  of  position,  or  poten- 
tial energy,  in  the  shape  of  disgregation  work,  or  change  of 
state,  or  "  latent  heat." 

Since  the  pressures  are  known  under  which  water  is  vapor- 
ized at  different  temperatures,  and  since,  as  we  shall  see,  we 
can  calculate  the  steam  volume  produced  from  one  kilogram  of 
steam  at  different  temperatures,  we  can  easily  find  for  every 

*  ['*  Latent  heat  ^^  has  become  part  of  the  vocahalary  of  our  subject,  and  cannot  now  well  be 
gotten  rid  of,  but  the  term  is  objectionable  unless  properly  understood.  **  It  should  be  remem- 
bered that  heat  is  a  kind  of  actual  or  kinetic  energy,  consisting  in  the  invisible  motions  of  the  par> 
tides  of  a  body,  and  hence  that  heat  is  not  potential  energy ;  for  Its  ability  to  perform  work 
depends  only  upon  the  heat  tnoOoru  of  the  particles,  and  not  on  their  relative  positUms.^^  Heat, 
therefore,  which  is  expended  in  performing  outer  work,  ceases  entirely  to  exist  in  the  body  at 
heat  at  all.  The  term  "^  latent  heat ''  h&9  come  down  to  us  from  a  time  when  heat  was  soppoeed 
to  be  a  substance,  and  consequently  indestructible,  and  although  we  now  know  tluit  heat,  as  such, 
can  be  put  out  of  existence  by  transformation  into  other  forms  of  energy  which  do  not  alfect 
the  thermometer,  still  the  term  remains,  and  continues  to  lead  many  to  believe  that  the  heat 
which  lias  been  absorbed  or  disappeared  in  doing  work  still  lurks  concealed  somewhere  ro  the 
working  substance  as  heat.  This  is  less  often  the  case  when  external  work  only  is  considered, 
for  the  equivalent  of  the  disappearing  heat  is  then  seen  in  visible  external  work ;  but  when  the 
internal  work  done  in  separating  the  molecules  and  changing  their  arrangement  is  under  con- 
sideration, the  beginner  is  apt  to  thf  nk  that  this  kind  of  work  *'  don*t  count,*'  and  that  the  heat 
which  has  been  expended  in  accomplistiing  it  still  exists  in  the  body  as  heat,  instead  of  recognis- 
ing that  in  this  case  also  it  has  disappeared  by  being  transformed  into  another  kind  of  energy— 
that  of  position— which  also  does  not  alfect  the  thermometer. 

No  error  can  arise  from  the  use  of  the  term  "  latent  heat,"  however,  if  nnderstood  as  deilned 
by  Maxwell :  "  Latent  heat  is  the  quantity  of  heat  which  must  be  communicated  to  a  body  hi  a 
,  given  state  in  order  to  convert  it  Into  another  state  without  changing  its  tempentora.^  (See 
article  by  J.  F.  Klein,  Journal  of  Franklin  Inst.,  April,  1870.)] 
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temperature  the  outer  latent  heat,  or  *^  outer  heat  of  vaporiza- 
tion," 

Then  by  subtracting  this  outer  latent  heat  from  the  total 
latent  heat  we  obtain  the  inner  latent  heat  which  goes  to  trans- 
form the  water  into  steam,  or  to  perform  disgregation  work. 
This  inner  latent  heat  we  denote  by  the  Greek  letter  />,  while 
the  total  latent  heat  is,  as  before,  denoted  by  r. 

As  we  have  seen  in  Chapter  XIY.,  page  375,  at  the  tempera- 
ture of  KW  the  inner  latent  heat  is  496.3,  the  outer  latent  heat, 
page  376,  is  40.2,  and  the  sensible  heat  is  100  heat  units  when 
one  kilogram  of  water  at  0°  is  converted  into  saturated  steam 
at  100^ 

2^uner  has  found  that  the  inner  latent  heat  is  given  by  the 
formula 

/)  =  a  —  W  —  d*, 

where  the  coeflBicients  a,  hy  c  have  special  values  for  each  dif- 
ferent liquid,  and  t  is  the  temperature  for  which  the  inner  latent 
heat  is  required.    For  water  we  have 

a  =  575.40,        6  =  0.791,        c  =  0,        hence 

p  =  575.40  -  0.791t    .    .    .    (VUL) 
For  Fahrenheit  degrees /o  =  1035,72  -  0.791  {t  -  32). 

EXAMPLE. 

What  is  the  inner  latent  heat  for  saturated  steam  at  180*  and  at  150*  ? 
For  130°  we  have 

p  =  575.40  -  0.791  x  130  =  472.57. 

For  150% 

p  =  575.40  -  0.701  X  150  =  466.75. 

Zenner  has  found,  also, 

For 

Ether p=   8&54  -  0.10648/ -  0.0007160^. 

Acetone P  =  131.63  -  0.20184^  -  0.0006280^. 

Chloroform p=   62.44  -  0.11282/  -  0.0000140A 

Chloride  of  carbon . . . .  p  =   48.57  -  0.06844/  -  0.0002080/». 
Bisulphide  of  carbon,  .p  =   82.79  -  0.li446/  -  0.0004020/». 
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We  can  now  easily  deduce  a  general  expression  for  the  outer 
latent  heat 

Let,  again,  ABCD^  Fig.  63,  be  a  hollow  cylinder.  Upon  the 
bottom  lies  one  kilogram  of  water  at  0"",  and  the  piston  KK 
rests  upon  the  surface.  Upon  the  piston  we  have  the  press- 
ure p.  As  soon  as  the  water  is  heated  to  f^^  let  steam  for- 
mation commence.  Let  u  be  the  height  to 
which  the  piston  is  forced  when  all  the  water 
is  just  evaporated.  Then  the  work  performed 
by  the  steam  is 

pu  meter-kilograms. 

Since  a  mechanical  work  of  1  meter-kilogram 
corresponds  to  A  =  ^\^  heat  units,  this  work 
represents 

Apu  heat  units. 

This  is,  therefore,  the  general  expression  for 
the  outer  latent  heat  Since,  now,  the  total 
latent  heat  (r)  consists  of  the  inner  (p)  and  the 
outer  (Apu)f  we  have 
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r  =  p  +  Apu 


(IX.) 


Vm.  68. 


From  Table  IL,  therefore,  we  can  easUy  find 
r  for  different  pressures  and  temperatures.  We 
have  only  to  add  the  values  of  p  and  Apu,  Thus,  for  example, 
for  a  pressure  of  1.5  atmospheres,  therefore  for  a  temperature 
of  11L7°,  r  =  487.01  +  41.16  =  528.17  heat  units. 

Under  the  assumption  that  Apu  can  be  calculated  for  every 
pressure  and  temperature,  and  that  r  is  given  by  observation, 
we  have 

p  =  r  —  Apu^ 

and  from  this  the  values  of  p  in  the  table  are  calculated. 

Following  Zeuner,  we  have  called  that  work  which  heat 
causes  in  a  body  when  it  raises  its  temperature,  and  changes 
the  aggregation  of  the  molecules,  "  inner  work ; "  and  that  work 
necessary  to  overcome  the  outer  pressure,  "  outer  worL"  Li 
the  formation  of  steam  we  can  call  that  heat  which  raises  the 
temperature  of  the  water  to  the  boiling  point,  and  converts  it 
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then  into  steam,  the  heat  of  the  steam  or  ^'  steam  heaJt,^^  This 
we  denote  by  J.  The  ''  steam  heat"  consists,  therefore,  of  the 
sensible  heat  {q)  and  the  inner  latent  heat  (p),  and  hence 

J^q^P (X.) 

Thus  we  can  find  J  from  Table  IL,  for  different  pressures. 
Thns,  for  2  atmospheres,  the  steam  heat  J  is  121.42  +  480.00 
=  601.42  heat  units. 

We  can  also  obtain  the  steam  heat  by  subtracting  the  outer 
latent  heat  {Apu)  from  the  total  heat  imparted  (  W).  Hence  we 
have  also 

J=^W-Apa (XL) 

This  expression  evidently  follows,  from  the  preceding,  when 
we  substitute  r  —  Apu  for  />.    Thus, 

J=  q  -^r  —  ApUf 

and  since  g  +  r  =  JT 

J=  W-ApiL 

We  give  below  a  scheme  of  the  manner  in  which  the  heat 
imparted  is  divided  up,  together  with  the  notation  employed. 
The  student  should  make  himself  thoroughly  familiar  with  the 
exact  significance  of  each  letter,  and  their  mutual  relations. 
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QUESTIONS  FOB  SXAMINATIOH. 

Define  specific  heat.  Is  the  gpeciflc  heat  of  water  constant  r  What  two  separate  qnestionfl 
are  involved  in  the  preceding  r  Does  the  coefllcient  of  expansion  of  water  vary  at  different  tem- 
peratures ?  Why  can  we  n^lect  the  disgre};ation  work  ?  If,  then,  the  disgregation  work  and 
variations  of  outer  work  can  he  disregarded,  to  what  must  any  variation  in  specific  heat  of 
water  be  ascribed  f  Describe  Regnault's  apparatus  for  investigating  tliis  question.  Why  must 
the  heat  appearing  in  the  calorimeter  be  precisely  that  received  by  the  water  in  the  boiler  ? 
What  is  Regnault^s  experimental  formula  for  the  specific  heat  of  water  between  f,  and  t*J 
What  does  It  reduce  to  between  0^  and  <|^  ?  How  did  he  determine  the  value  of  the  cocfllcienta  ? 
What  is  meant  by  the  "  mean  specific  heat  ?  '*  What  is  the  "  heat  of  the  liquid  ? ''  What  letter 
in  our  notation  denotes  it  f  What  formula  f^vcs  it  ?  Is  the  '*  heat  of  the  liquid  "  always  greater 
numerically  than  the  temperature  r  What  is  "  actual  spedULc  hetit?  "  Huw  does  it  differ  tnm 
"mean?" 

What  do  you  understand  by  *'  total  heat  ?  "  Describe  Hegnanira  apparatus  for  determtnhqg 
it.  What  is  the  empirical  formula  for  the  total  heat  ?  What  letter  in  our  notation  denotes  it  T 
If  yon  subtract  the  heat  of  the  liquid  from  the  total  heat,  what  remains  ?  Define  total  beat  of 
yaporixation.  What  letter  denotes  it  in  our  notation  ?  What  is  the  formula  of  Claueios  for  total 
heat  of  vaporization  r  Does  it  irive  exact  results  ?  Whet  do  you  understand  by  sensible  heat? 
What  by  latent  heat  ?  What  is  inner  latent  heat  ?  Outer  latent  heat  ?  If  the  total  latent  heat 
and  the  outer  latent  heat  are  given,  how  can  you  find  the  inner  latent  heat?  What  effect  does 
this  heat  perform  ?  What  letter  in  our  notation  denotes  it  ?  What  is  Zcuner*s  formula  for  it  ? 
Wluit  does  the  expression  Apu  denote  ?  Give  the  exact  significance  of  each  letter.  Wltat  does 
r  denote  ?  p  ?  What  is  the  relation  between  r,  p,  and  Apu  ?  What  do  yon  understand  by  steam 
heat  ?  What  letter  denotes  it  ?  What  is  the  relation  between  «/,  q,  and  p  ?  Construct  acheme 
which  shows  the  manner  in  which  the  total  heat  TTis  divided  up.  What  ia  the  relation  between 
j;  Wi  and  Apu  ?   Give  the  exact  significance  of  each  letter. 

Note.— Rankine  gives  the  following  empirical  formolad  for  specific  heat  of 
water  for  Fahrenheit  scale  and  point  of  maximum  density  of  water,  89. l*". 
For  mean  specific  he<U  between  ii  and  i, 

C^t  =  1  +  0.000000108  [(<!-  89.1)«-H(<i-89.1)  (/  -  89.1)+(«  -  89.1)«]. 

For  mean  specific  heat  between  point  of  maTimnm  density  and  i^ 

C7«  =  1  +  0.000000108  {<  -  80.1)". 

For  heat  of  liquid  for  one  pound  between  point  of  maximum  density  and  t, 

q=(t-  89.1)  +  0.000000108  (t  -  89.1)". 

For  actual  specific  heat 

(7=1  +  0.000000809  {i  -  89.1)*. 

To  reduce  these  formulte  to  Centigrade  scale,  put 

0.000001     for  0.000000809 
0.00000088  for  0.000000108 
^-4for<-89.1. 


CHAPTEE  XTL 

OALCniATIOK  OF  SPEOIFIO  STEAM  VOLUME. — ^EMPIBIOAL  FOBMUUE  FOB 
THE  INNER  AND  OUTEB  LATENT  HEAT,  AS  AISO  FOB  THE  DENSITY 
OF  STEAM. 

Calcvlatum  of  Specific  Steam  Vdume, — ^The  question  now  arises, 
How  can  we  calculate,  from  the  temperature  and  pressure  of  the 
steam,  the  outer  latent  heat  (Apu),  or,  what  amounts  to  the 
same  thing,  how  can  we  find  the  specific  steam  volume  ?  As 
soon  as  we  know  this  we  can  easily  determine  the  outer  and 
inner  latent  heat.  At  first  the  specific  volume  was  found  by  the 
combined  law  of  Mariotte  and  Gay-Lussac 

It  was  asauTnedf  therefore,  that  saturated  steam  behaved  pre- 
cisely like  a  permanent  gas,*  and  hence  that  its  specific  volume 
could  be  easily  found  from  its  temperature  and  tension.  Thus 
Up  is  the  expansive  force  of  a  permanent  gas,  T  the  absolute 
temperature,  and  v  the  specific  volume,  we  have,  as  seen  already 
in  Part  L, 

pv=iliT, 

where  B  =  29.272  for  air.    We  have,  therefore, 

RT 
v  = . 

P 

Gkiy-Lussac  concluded  from  his  experiments  that  the  volume 
of  steam,  at  the  same  temperature  and  tension,  was  always  1.6064 
times  as  great  as  that  of  air.    Hence  for  steam  we  should  have 

V  =  1.6064  X  29.272  -  =47.023  -. 

p  p 


*  Since  now  all  the  so-called  **  permanent  gaf>e8  **  haVte  been  Ilqnefled,  the  term  ia  only  to  be 
taken  as  meaninif  those  gasea  removed  so  far  from  their  point  of  liquefaction  that  the  diogre- 
gation  work  Is  very  slight,  or  noil,  and  Which,  under  ordinary  pressure  and  tcmperatnre,  remain 
i^proximately  perfect  gaasa. 
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From  the  preceding  we  can  find  upon  these  assumptions  the 
pressure  p  for  any  given  value  oi  T{=  273  +  t\  or  for  p  given, 
can  find  the  temperature.  (This,  at  least,  can  be  found  easily 
from  the  formula  of  Magnus.) 

EXAMPLE. 

What  is  the  specific  volume  of  steam,  according  to  the  above  (incorrect) 
formula,  for  the  temperature  of  100*"  and  144"  ? 

For  100*'  we  have,  from  Table,  p  =  10884  kilograms,  and  r=  273  +  100  = 

878%    Hence  t;  =  47.023  -^.  =  1.6928  cubic  meters.    The  volume  for  144'  is 

10uo4 

273  +  144 
^'^'^^  ■: — TKSS7  (since  for  144**  the  pressure  is  4  atmospheres),  or  0.4749  cubic 

4  X  lUoo4 

meters. 

The  specific  weight,  or  the  weight  of  1  cubic  meter,  must  evidently,  according 

to  Gay-Lussao,  be  always  ^  ^^^^^  =  0.622  of  that  of  air  at  the  same  temperature 

and  pressure. 

Later  investigations,  especially  the  calculations  of  the  me- 
chanical theory  of  heat,  have  shown  that  the  experiments  of 
Gay-Lussac  are  not  exo/dy  and  that  the  conclusions  drawn 
from  them  are  incorrect.  The  determination  of  steam  volume 
based  upon  these  experiments  and  assumptions  cannot,  there- 
fore, lay  claim  to  much  accuracy.  The  exact  determination  is, 
however,  essential  to  any  reliable  theory  of  the  steam  engine, 
and  for  this  reason  all  such  theories  having  such  incorrect  basis 
are  inexaci  To  Clausius  belongs  the  credit  of  being  the  first 
to  show  how  steam  volumes  may  be  found,  by  the  aid  of  the 
mechanical  theory  of  heat,  with  far  greater  accuracy  than  ac- 
cording to  the  earlier  methods.  Before  we  give  his  method, 
we  would  call  attention  to  the  following  customary  terms  and 
notations  of  the  mechanical  heat  theory. 

Customary  Terms  and  Notation  f(yr  Steam.— We  call  the  volume 
occupied  by  1  kilogram  of  water  atO°  the  "specific  toater  vdume^'' 
and  denote  it  by  cr.  The  volume  of  1  kilogram  of  water  at  0° 
is,  then,  ff  cubic  meters.  Let  us  again  assume  this  specific  water 
volume  inclosed  in  a  cylinder  with  a  movable  piston.  When 
heat  is  imparted  we  have  a  gradual  evaporation  of  the  water. 
Suppose  that  at  any  moment,  of  the  1  kilogram  of  water,  x  kilo- 
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grams  are  steam  (x  being  then  less  than  1),  then  1  —  x  kilo- 
grams are  still  water.  Since  now  1  kilogram  of  water  occupies 
the  space  ff,  if  we  disregard  the  slight  increase  of  balk  of  the 
water  when  heated,  1  —  x  kilograms  will  occnpy  the  space 
(1  —  rr)  cr  cubic  meters.  When  the  entire  kilogram  of  water  is 
just  conyerted  into  steam,  let  its  volume,  that  is,  the  specific 
steam  volume,  be  s.  The  volume  of  x  kilograms  wUl  then  be 
8X  cubic  meters.  Therefore  the  entire  volume  of  the  1  —  x 
kilograms  of  water,  and  of  the  x  kilograms  of  steam  will  be 

(1  —  x)  <r  +  a»  cubic  meters. 

This  volume,  whose  weight  is  still  one  kilogram,  and  which 
consists  partly  of  steam  and  partly  of  liquid,  we  denote  by  t; 

so  that  we  have 

V  =-(1  —  x)  (T  +  ass, 

or 

That  is,  the  specific  volume  of  the  mixture  of  steam  and 
water  is  equal  to  the  specific  water  volume  (c)  plus  the  pro- 
duct of  the  steam  weight  {x)  into  the  difference  of  the  specific 
steam  and  water  volumes.  Clausius  denotes  this  difference 
{8  —  <t)  by  Uf  so  that 

17=  (T  +  teas. 

The  value  of  (r  is  readily  determined  by  experiment  for  dif- 
ferent liquids.    Thus  it  has  been  found 

For 

Water <y=0.001  cubic  met =0.0160  cub.  ft 

Ether  (04H,oO) <r=0.0013  "  "  =0.0210  «  " 

Alcohol  (0,H«0) (y=0.0013  "  "   =0.0210  «  « 

Acetone  {C^B^O) a=0.0012  "  "   =0.0192  "  " 

Chloroform  (CHCle) <y=0.0006  «  "   =0.0096  '*  " 

Chloride  of  carbon  (COl4)..<y=0.0006  "  "   =0.0096  "  « 

Bisulphide  of  carbon  (CS2)..<r=0.0008  «  "   =0.0128  "  " 

Hence  we  see  (r  is  so  small  with  regard  to  ux  that  it  may  be 
disregarded,  and  we  have  simply 
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EXAMPLE. 

What  is  the  rolume  of  a  qiiantit7  of  steam  and  water  at  100%  vhofle  wei^ia 
1  kilogram,  which  consists  of  0.8  kilograms  steam,  and  0.7  kilograms  water  ? 

According  to  Table  II.,  for  100**  u  =  1 .649  cubic  meters,  hence  im;  =  1.649  x 
0.8  =  0.4947  cubic  meters,  and  (^  +  ux  =  0.001  +  0.4947  =  0.496  cubic  meters. 

For  one  pound  we  have  for  212**  Fah.  u  =  26  4216  cubic  feet,  hence  ux  - 
26.4216  X 0.8=7.926  cubic  feet,  and  6-^ux^ 0.0160  +  7.926  =  7.942  culacfeet 

Example  2. — One  kilogram  of  steam  and  water  has  a  temperature  of  180.8", 

of  which  0.5  cubic  meter  is  steam.    How  much  does  it  weigh  ? 

Since  at  the  temperature  180. 8**  u  =  0.647  cubic  meter,  and  6  is  Tory  smsll 

compared  to  «,  we  have 

0  4{M 
0.6  =  0.001 +0.647«.    Hence  a?  =  ^^^^  =  0.77  kilograms. 

The  water  is  therefore  1  —  0.771  =  0.229  kilograms. 

For  one  pound  at  a  temperature  of  266 .  68"*  Fah.  of  which  0.6  cubic  feet  is 
steam,  we  haye  «=  10.8722  and  0.6  =  0.0160  +  10.8722a;.  Hence  2  =  0.046 
pound. 

Steam  Vdumey  ccdeidated  dccordingi  to  the  PriTudplea  of  Thermo- 
dynamics.— Let  us  now  see  how  the  specific  steam  volume  may 
be  calculated. 
Let  OAf  Fig.  64  be  the  specific  water  volume  (cr).  We  con- 
ceive it  again  inclosed  in  a 
cylinder  of  1  square  meter, 
cross-section,  and  the  piston 
loaded  with  p  kilograms.  In 
such  case,  then,  (X  is  the  dis- 
tance of  the  surface  of  the 
water,  or  of  the  piston,  from 
bottom  of  the  cylinder.  After 
the  water  is  heated  to  f",  let 
the  steam  generated  just  have 
the  pressure  p.  Therefore  T 
is  the  boiling  point  corre- 
"X  sponding  to  the  pressure  p. 
By  further  addition  of  heat 
steam  is  formed,  and  the  pis- 
ton will  be  lifted.  When  all  the  water  is  converted  into  steam, 
let  the  specific  steam  volume  he  0G  =  8.  In  other  words,  the 
piston  now  stands  at  the  height  OG  from  the  bottom.  The 
distance  passed  through  by  the  piston  is  then  00  —  0A  = 
8^<r  =  iu  During  this  the  pressure  p  is  constant. 
Let  us  now  suppose  the  specific  steam  volume  8  to  expand 
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adiabatically  until  the  temperatnre  has  sunk  by  the  very  small 
quantity  r,  and  the  pressure  p  has  become  pi.  For  this  small 
decrease  of  temperature  we  may  assume  that  the  saturated 
steam  acts  as  a  permanent  gas,  and  hence  the  line  CD^  which 
is  an  adiabatic,  for  this  very  short  distance,  is  a  straight  line. 

Now  let  the  steam  at  pressure  pi  be  compressed,  and  heat  at 
the  same  time  abstracted,  so  that  the  pressure  pi  remains  con- 
stant until  the  specific  volume  of  water  and  steam  is  OH,  the 
Tolume  of  the  mixture,  or  the  position  of  H,  being  so  chosen 
that  when  the  remaining  steam  is  compressed  adiabatically 
along  BEf  it  shall  all  be  condensed,  and  come  back  to  its  origi- 
nal temperature  and  its  original  volume. 

We  have  in  this  way  completed  a  simple  cycle  process,  and 
the  outer  work  performed  is  given  by  the  shaded  area  BCDE^ 
or  by  the  product 

{p-p^BC:=(p-p;}u. 

The  heat  imparted  from  ^  to  6^,  or  J?  to  (7,  is  greater  than 
that  abstracted  from  i>  to  ^,  and  the  difference  must  equal  the 
outer  worL 

If  we  denote  the  heat  imparted  by  Q,  the  work  performed  is 
(page  186,  Part  L) 

^[^-(r-T)] 

where  T  =  273  +  <  is  the  absolute  temperature  of  the  steam 
from  ^  to  (7,  T-  r  =  273  +  ^  -  r  that  from  i)  to  JE  We  have 
therefore 

Denoting,  for  the  sake  of  brevity,  p—pi^j^f 

AT    n' 

Now  Q  is  evidently  that  heat  which  must  be  imported  to  1 
kilc^ram  of  water  at  the  temperature  i,  in  order  to  convert  it, 
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under  constant  preBsare,  into  steam  of  ^^  or  it  is  the  total  latent 
heat  of  vaporization,  r.    Hence 

r      r     424r    r  /^ttn 

t*  =  3^.-  =  ^^.-.    .    .    .     (XH) 

This  formula  is  the  most  important  hitherto  dedaced  from 
the  application  of  the  mechanical  theory  of  heat  to  steam.  From 
it  and  the  preceding  equations,  those  which  follow  can  be  easily 
derived.    For  English  measures  we  have  772  in  place  of  424. 

The  fact  that  the  differences  of  pressure  for  the  temperatures 
f  +  1,  fy  and  t  —  1  are  nearly  the  same,  furnishes  the  means  of 

determining  the  ratio  -  in  an  elementary  manner  with  all  neces- 
sary exactness.  Thus,  for  example,  if  we  wish  to  determine  u 
for  a  temperature  of  SO"",  and  take  the  difference  of  pressure 
(nr)  for  SO""  and  79°,  this  difference  will  be  relatively  too  small. 
If  we  take  the  difference  of  pressures  for  80°  and  81°,  it  will  be 
relatively  too  large.  If  we  take  the  mean  of  both  differences, 
it  will  be  very  closely  the  increase  or  decrease  of  pressure  for 
a  very  small  change  of  temperature.  If  we  denote,  therefore, 
the  pressure  at  81°  by  p^  and  at  79°  by  px^  we  have  for  r  about^ 
say,  iV  of  ft  degree. 


r  :  ^r  =  -^  :  ^      S — 9 


or  generally 


^     P'^P^     P  "■  J^i 
2 
Here  p  and  pi  denote  the  pressure  in  kilograms  per  square 

meter,  or  in  pounds  per  square  foot.    Table  L  gives  them  in 

centimeters  or  inches  of  barometer.    To  reduce  those  in  the 

table  to  kilograms  per  square  meter  we  have  to  multiply  the 

tabular  values  in  millimeters  by  ^^H^>  ^^^  ^  reduce  to  pounds 

per  square  inch,  we  multiply  the  tabular  value  in  inches  by 

14.6954  X  144 

29.9215 

_    ,        ^,  r  2  X  760  0.147 

We  have  then      -  =  ,^qqj  / X  = ' 

TT     10334  {p  —pi)     p—pi 

where  p  and  pi  are  given  in  millimeters  of  mercury  column ; 

r  _  2  X  29.9215  _  0.02828 

^'  7r""144x  14.6954(2)- Pi)""   P" Pi  ' 

where  p  and  pi  are  given  in  inches  of  the  mercury  column. 
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The  formula  for  u  becomes  then  for  French  units 

424  X  0.147r     62.328      r  .^tttx 

U  =  —7=7 r-  = •    m   •      •      C-XJLJJL) 

J  *.   T2.    1-  1.      -x            772  X  0.02828      21.832       r 
and  for  Emrlish  nnits  u  =  -—rtn \^ —  = '  "W 

The  specific  steam  volume  8  we  can  at  once  obtain  from  u 
bj  adding  the  specific  water  volume  c  =  0.001.    Thus 

62.328  r 


8  = 


p-PiT 


•7^  +  0.001  cubic  meters. 


EXAKPUGL 

"What  is  the  value  of  u  for  0*  and  for  80''  ? 
According  to  R5ntgen's  formula 

68.838  (J06.5       <wvk  «o     u-        ^ 

**  ~  4  91  _  4,25   ^     278     ~  «w.78  cubic  meters. 

Bj  the  aid  of  the  calculus,  and  using  Regnault's  values  for  the  pressures,  we 
should  obtain  u  =  210.66.    The  difference  is  then  very  small. 

Again,  for  %V^  we  have  from  the  table,  p  =  869.258,  and  for  79°,  pi 
=  840.464  mUlimeters.    Since  for  80*  r  =  550. 618, 

62.828  550.618       «  «,^     ^ ,      ^ 

^=869.258-840.464  ^  273  +  80  =  ^'^^  "'^^^^  °^^- 

For  one  pound  at  176**  Fah.  we  have  for  177  and  175**,  p  =  14.2824  and|>i  = 
18.6524,  and  r  =  991.112 ;  hence 

21.882      991.112       ^^  ^^     u-    *    ^ 

^ = -oir  ^  -635ir  =  "-^^  ~*^*^  ^***- 

Column  8  of  Table  IL  gives  the  accurate  values  of  u  from  0 . 1  to  14  atmospheres. 

More  recent  investigations  of  Tate  and  Fairbaim  have  shown 
that  the  specific  steam  yolumes  calculated  according  to  thermo- 
dynamic principles  agree  quite  closely  with  the  results  of 
observation,  and  far  better  than  those  found  by  the  combined 
law  of  Mariotte  and  Gay-Lussac 

If  the  pressures  of  the  other  liquids  had  been  determined 
from  degree  to  degree,  we  could  find  with  the  same  exactness 
the  value  of  u  for  their  vapors  also.  As  this  is  not  the  case,  we 
can  only  find  approximate  values  of  u,  but  values,  nevertheless, 
quite  close  to  the  actuaL 
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Example  1. — ^What  is  the  steam  Tolmne  of  1  kHogram  of  ether  when  emgo- 
rated  at  40'? 

The  pressure  of  such  vapor  at  50"*  has  been  found  to  be  1264.88  millimeten, 
and  at  80%  684.80  millimeters.  The  difference  680.08  corresponds  to  20%  The 
difference  for  2**,  that  is,  f or  /  +  1  and  /  —  1  degrees,  or^ — ^,,  is  68.008  milli- 
meters. Since,  from  the  empirical  formulae  already  given,  r  for  ether  at  40"  ia 
89.48,  and  since  T=  278  +  40  =  818,  we  have 

62.828  89.48      nooo     u;        i. 
^  =  68:608- "Sir  =  ^-^  ^^^  °^*^ 

Zeuner  finds  by  calculus,  0.285. 

Example  2.— What  is  the  steam  volume  of  alcohol  at  90"  ? 

For  60*"  the  pressure  has  been  found  850.21  millimeters,  and  for  40",  188.69. 
Difference  for  20%  216.52,  for  2%  21.652.  For  50%  r  is  288.79,  and  T=  823, 
hence 

^^  _  62.828     288.79_^^ 
"  ""  21.652  ""  "8^"  -  *'"^ 


CoJculUxtion  of  the  Outer  and  Inner  LaJtent  Heat, — Since  we  can 
now  find  u  for  every  temperature  and  pressure,  it  is  easy  to 
determine  the  outer  work.  Thus  if  j9  is  the  constant  pressurSi 
this  outer  work  is  simply  pu  meter-kilograms. 
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What  outer  work  will  be  performed  by  the  steam  generated  from  1  kilognun 
of  water  at  150°,  the  constant  pressure  being  equal  to  its  own  tension  ? 

For  150°  the  pressure,  from  Table  I.,  is  8581.28  millimetere,  or  ^^^^^»^^'^ 

=  48678.14  kilograms  per  square  meter.  We  find  from  E<quation  XIII., 
u  -  0.884  cubic  meters,  hence  pu  =  48678.14  x  0.884  =  18690.4S  mete^kilo• 
grams.  For  \,  §,  i  of  a  kilogram  converted  into  steam  we  should  obtain  onlj  } 
or  i,  etc.,  of  18690.48  meter-kilograms. 


The  heat  required  for  thiswork,  which  we  call  the  outer 
latent  heat,  is 


Apu  =  ^  heat  units. 
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Therefore  the  outer  latent  heat  in  the  yaporization  of  1  kilo- 
gram of  water  at  ISO""  is 

— rc^r—  =  44.08  heat  units. 
424 

In  this  way  the  outer  latent  heat  has  been  calculated  for  Table 
n.,  column  7,  for  from  0.1  to  14  atmospheres.  We  see  that  it 
increases  with  the  temperature  or  expansive  force  of  the  steam. 

Since,  now,  we  know  the  total  latent  heat  r  from  Begnault's 
experiments  and  empirical  formulsa,  and  the  outer  latent  heat 
can  be  calculated  as  above,  we  can  find  the  inner  latent  heat  p 
from  the  equation 

p  =  r  —  Apu. 

It  has  been  found  thus,  and  is  given  in  column  6  of  Table  IL 
It  is  evident  that  it  must  decrease  as  the  temperature  increases, 
since  the  outer  latent  heat  increases. 

Finally,  the  steam  heat  J  can  be  found  from  the  equation 

Jz=.  W  —  Apii. 

Since  for  water  u  differs  from  8  only  by  about  0.001  cubic 
meters,  and  8  is  very  great  with  reference  to  0.001,  we  can  put 
u  in  place  of  8.  In  such  case,  u  cubic  meters  require  the  inner 
latent  heat  p,  and  1  cubic  meter  requires 

—  heat  units. 
u 

The  expression  -  gives  us,  therefore,  the  heat  units  neces- 
sary for  the  inner  latent  heat  of  1  cubic  meter  of  steam  under 
various  pressures.  Since  we  shall  have  frequent  occasion  to 
make  use  of  it,  it  is  given  in  Table  IL,  column  9. 

Empirical  F(yrmuUB  for  the  CalcvlcUion  of  the  Inner  and  Outer 
Latent  Heat  and  of  the  Specific  Steam  Volume, — ^For  the  mechani- 
cal engineer,  to  whom  the  easy  and  accurate  determination  of 
u  and  8  is  of  great  importance,  empirical  formulae  are  very  de- 
sirable, so  that  even  without  tables  he  can  find  these  quantities 
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for  different  pressares  with  sufficient  exactness.    The  calcnla- 

tion  of  u^  already  given,  is  too  involved  for  practical  men.   Zea- 

ner  was  the  first  to  meet  this  want      As  we  have  alreadj 

remarked,  he  has  given  for  the  inner  latent  heat  p,  the  simple 

formula 

p  =  575.40  -  a79U 

Now  we  have  from  IX. 

Apa  :=  r  —  Pf 
Apu  =zr  —  Pf=  W—  p—q. 

For  W  we  have,  according  to  Begnault,  606.5  +  0.305^,  and 
for  J,  t  +  0.00002<*  +  0.0000003^\  hence 

Apu  =  606.5  +  0.305^  -  (575.40  -  0.7910 
-  («  +  0.00002<»  +  0.0000003^), 

or,  after  reduction,  Apu  =  31.1 +0.09«-0.00002^-  0.000000»», 
or  for  English  units  and  Fahrenheit  degrees  Jpt£= 55.98 +0.096 
(^-32) -0.0000111  (^-32)«- 0.0000000926  (^-32)* 

This  expression  enables  us  to  determine  the  outer  latent 
heat  {Apu)  from  the  temperature  alone. 

If  we  divide  the  last  question  by  Ap^  we  have 

81.1  +  0.096^  -  OXXXme  -  0  0000003^     ,^TT7  N 
u  = -j^ .    (XIV.) 

or  for  English  units 
^55.98 + 0.096(^  -  32)-0.0000111(^  -  32)*-0.0000000926(^-32y 

Apu 
Since  A  is  known,  we  only  need  to  know  the  variation  of  f 
with  the  temperature  in  order  to  find  u.    For  this  we  can  either 
make  use  of  Table  L  or  II.,  or  lacking  these,  of  some  one  of  the 
expansion  formul*  already  given. 


EXAMPLE. 

What  is  the  differenoe  between  the  specific  steam  and  water  rolume,  or  what 
is  the  value  of  u,  for  180'  and  for  200'  ? 

According  to  Table  I.,  the  pressure  at  130"  is  2080.28mm.,  hence  the  pressaie 

in  kilograms  per  square  meter,  p,  is  ~^^-  +  2080.28  =  27602  kil.    Now  /  =  1% 

P  =  16000,  P  =  2197000. 
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Hence 

424  (31.1  +  0.096  x  130  -  0.0000g  x  16900  -  0.0000008  x  219700). 
•* "  27602  ' 

424  (31.1  +  12.48  -  0.838  -  0.6591) 
*  27602 

424  (43.58  -  0.9971)      424  x  42.588  _ 
**""  27602  '        27602        -"•'^w- 


For  200*  the  pressure  is  11688.96mm.  =  158937  kU.     ^  -r  200,  <■  =  4000(l» 
|s  =  8000000,  and 

424  (31.1  +  0.096  x  200  -  0.00002  x  40000  -  0.0000003  x  8000000), 
**""  158937  .     ' 

424  (31.1  -f  19.2  -  0.8  -  24)     424  (50.3  -  8.2), 
■"  158937  "■        158987        ' 

In  the  lack  of  tables,  we  may  use  for  the  calculation  of  p,  for 
temperatures  less  than  lOO'^,  the  formula  of  Magnus.  Above 
100%  that  of  Kontgen. 

We  haye  also  the  following  empirical  formulsB  given  by  Zeu- 
ner  for  the  other  liquids  already  named  : 

Ether Apu  =  7.46  +  0.02747^  -  0.0001354^. 

Acetone Apu  =  8.87  +  0.06186^  -  0.0002845^. 

Chloroform Apa  =  456  +  0.01797*  -  0.0000367^. 

Chloride  of  carbon. ^pw  =  3.43  +  0.01671*  -  00000646*^. 

Bichloride  of  carbon. ^pt*  =  7.21  +  0.02524*  -  0.0000918**, 


EXAMPLE. 

What  volume  of  steam  is  generated  from  1  kilogram  of  ether  when  evaporated 
at  40"? 

The  pressure  at  40"  is  907.04mm.,  or  -^  x  907.04  =  12297.5  kilograms. 
I  s  40,  *■  =  1600,  hence 

A  X  12207.5  X  11  =  7.46  +  0.08747  x  40-0.0001854  x  1000, 
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or 

1        --aft-  -             o  O.IOO                             8.8432  X  424 
^  X  12297.5  X  «  =  8.3422,         or        u  = j^^^ , 

or 

u  =  0.287  cubic  meters. 

On  page  892  we  found  for  u  0  288  cubic  meters,  or  but  lltUe  different  fram 
the  empirical  f ormubs. 

Density  of  Saturated  Steam. — The  preceding  is  sufficient  to 
show  that  the  yiew  of  Gay-Lussac,  that  the  density  of  saturated 
steam  is  always  0.6225  of  that  of  air,  is  not  correct. 

Since  the  specific  steam  volume,  that  is,  the  volume  of  1  kilo- 
gram of  steam  s  =  u  -^  (f^  the  weight  y  of  one  cubic  meter  of 
steam,  which  we  call  the  '^  specific  tveigkt^"  will  be 

11  1 

y  =z^=z =  — .  ^  ^^^  kilograms  per  cub.  met.. 

^      8      tt  +  <r     « +  0.001       ^         ^  ' 

or  for  English  units  y  =       ^^..^  pounds  per  cubic  foot. 

Thus,  for  example,  for  ISO"",  the  weight  of  one  cubic  meter  of 
steam  is 

^  =  0.384  +  0.001  =  0385"  ^'^^^  ^• 
For  one  cubic  foot  at  302°  Fahrenheit  we  have 

>- =  O^Tooie = 6OT  =  ^-^^2  P°"^^ 

The  value  of  y  is  given  in  column  11  of  Table  IL  for  from 
0.1  to  14  atmospheres.    For  air  we  have  always 

jpv  =  5r  =  29.272  T, 

or  for  English  units  pv  =  BT  =  53.354  T, 

therefore  the  specific  volume  is 

29.272  T 

i> 

and  the  specific  weight 

_1_       p 
^*  ■"  V  "  29.272  r* 

For  example,  for  150°  the  pressure  of  steam  is  4.71  atmos- 
pheres, hence  the  pressure  p  in  kilograms  per  square  meter  is 
4.71  X  10334  =  48673  kilograms.     Since  now   r=  273  +  150 
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=  423,  for  this  temperature  and  pressure,  the  weight  of  one 
cubic  meter  of  air  would  be 

48673  48673 

^* "  29.272  X  423  ~  12382  ""  ^'^^  ^^ 

On  the  other  hand,  the  weight  y  of  one  cubic  meter  of  satu- 
rated steam,  under  the  same  conditions,  is  really  2.597  kilo- 
grams, as  already  computed.  Accordingly,  the  density  S  of  the 
steam,  that  is,  the{  ratio  of  its  weight  to  that  of  an  equal  amount 
of  air  under  the  s^me  conditions,  is 

*  =  ^  =  3:930=^-^^^- 

If  we  calculate  in  this  way  the  specific  weights  of  steam  and 
air  for  different  temperatures  and  pressures,  we  find  for  the 
density. 

For 

0.1         0.5         1  2  5        10  atmospheres 

d  =  0.621     0.633     0.640     0.648     0.662     0.676, 

from  which  we  see  that  the  density  increases  tolerably  rapidly 
with  increasing  temperature.    Hence 

pv 
T 

cannot  be  a  constant  quantity  as  with  gases  is  the  case.  Satu- 
rated steam  follows  some  other  law  than  this.* 

[*  The  relation  pv^  J?  7*  therefore  holds  good  only  for  those  gases  so  far  removed  from  their 
point  of  saturation  that  they  may  be*  considered  as  perfect.  Zeuner  has  recently  shown  that  for 
steam,  whether  saturated  or  superheated, 

t-i 

p9»BT"  Op  * 

in  which  ir»  ^-^^\  and<y«a4806,  and  i  =  1.838,  hence  £s50.98S,  and  C=19S4I0,  p  being 
in  kUograma,  or  if  p  is  in  atmospheres,  then  for  both  saturated  and  superheated  steam 
pv  =  B7  -  C\/^,  where  B  s  O.004gee7,  and  (7  s  0.187815.    See  Appendix  to  Chap.  XXm.] 
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QUESTIONS  FOB  EXAMINATION. 

Deftne  ipedfic  Bteam  Tolame.  How  was  thi»  fint  calculated  ?  Upon  what  aarampdon  mi 
this  calcalation  foanded  f  Give  the  relation  between  preasare,  Yolame,  and  tempeimtore  for  i 
jgBj^  What  doea  B  stand  for  r  What  did  Gay-Lnssac  cooclnde  from  his  ezperimentfi  ?  Was 
thin  concloaion  correct  f  la  the  old  method  of  calcalation  of  specific  volame  comet  ?  VTby 
not  ?   How  does  satamted  steam  differ  from  a  perfect  gas  r 

Define  what  is  meant  by  specific  water  volame?  What  letter  denotes  it  in  oor  ootstioD ! 
What  is  specific  steam  volame  *  What  letter  denotes  it?  What  does  u  denote  in  our  notation* 
What  relation  exists  between  v,  «>,  and  u,  if  a;  is  the  weight  of  steam  in  one  kilognm  of  steam  and 
water?   What  doea  v  denote  ?   v?    nl 

Deduce  the  ezpreaaion  u  s  -j^  .  ^.  What  la  the  exact  aigniflcanee  of  each  of  the  letteis? 
Is  this  formula  important  ?  Why  ?  Show  how  to  find  in  an  elementaiy  manner  the  approxi- 
mate value  ot  the  ratio  -  in  any  given  case.    Explain  now  the  use  of  Tables  I.  and  II. 

If  u  is  given,  how  can  yon  find  the  outer  work  ?  The  outer  latent  heat  ?  How  can  yoo  And 
the  inner  latent  heat  ?   How  can  we  find  the  total  latent  heat  ?   What  ia  the  steam  heat  ?  Wlitt 

does  -  denote  f   What  is  Zeuner's  formula  for  the  inner  latent  heat  f   How  can  you  find  fron 

it  the  outer  latev';  heat  and  the  specific  steam  volume  ? 

What  la  specl  Ac  weight  ?  What  letter  in  our  notation  denotes  it  ?  What  ia  meaiit  by  deaatr 
of  steam  ?  How  i^iea  thia  vary  for  diffezent  tempezatmea  and  preasuies? 


CHAPTEB  XVIL 


CDBTE    OF    COntmsT    BTEiX    WZIQHT. — EKFIRIOAL    FOBHULX. — ^DE- 
POBTKENT  OF  BTEAH  WHEM  JT  EXPANDS  FERFOBMINa  WOBK. 


Curve  of  Conekmt  Steam  Weight — If  we  lay  off  the  volumeB 
of,  any,  1  kilt^am  of  steam  for  sacceaaive  pressmes,  as  abscis- 
sas, and  the  oorreaponding  . 
preBanres  aa  ordinatea,  ve 
obtain  a  cnrre  (Fig.  66) 
which  represents  the  law 
according  to  which  the 
Tolome  changes  with  the 
pressore.  We  may  call 
this  the  "carve  of  constard 
steam  weight."  For  a  press 
are  of  1  atmoaphere  the 
Tolnme  of  1  kilogram  of 
steam  ia,  from  Table  IL, 
LM9  +  0.001  =  1.650  cub. 
m.  Taking  only  2  decimal 
places,  we  have  «  =  1.65. 
Hence  OA  =  1.65  nnits  to  '"  "■ 

any  giren  scale,  and  the  perpendicular  AB  is  laid  off  accordiDg 
to  another  given  scale.  The  volume  of  1  kilogram  of  steam  at  2 
atmospheres  ia  about  0.86  cnbic  meters.  Therefore,  OC  =  0.66, 
and  CD  =  2,  and  so  on. 

We  see  that  the  volumes  decrease  nearly  inversely  as  the 
pressures,  that  is,  that  the  volumes  are  2,  3,  4  times  leaa  when 
the  pressures  are  2,  3,  4  times  greater.  If  this  were  accurately 
the  case,  the  relation  between  the  pressures  and  the  speoifio 
volumes  would  be 


iw  =  iH«i=iVi.«tc. 
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Ab,  however,  is  seen  from  the  Figare,  this  is  not  exactly  the 
case.  Zeaner  has  found  by  calcalation  that  the  law  for  the 
carve  of  constant  steam  weight  is  given  very  closely  by  the 
formula 

pe'^  =  p,8^'^  =  p^^^ .    .    .    .    (XV.) 

where  the  exponent  of  8,  Si ,  etc.,  is  only  0.0646  greater  than  in 
the  preceding  formula  which  gives  the  law  of  Mariotte  for  per- 
manent gases. 

Evidently  thede  products,  since  they  are  all  equal  to  each 
other,  must  equal  a  constant  value,  and  this  value  is,  according 
to  Zeuner,  1.704,  so  that 

1.704  =iMi^=j>iV'^.    .    .    •    (XTl) 

or  for  English  units  32.653  =p^^^-pi8^  where  p  is  taken 
in  atmospheres. 

EXAMPLE. 

What  18,  according  to  this  formula,  the  spedfle  valume  d  saturated  steam  at 
a  pressure  of  two  atmospheres  ? 

Sinoeherej,==2,wehaTe*='P^i^  =  ^*^^  T^  = 

i.W14579 
H  Q^^  ,  or  *  =  0. 8822  cubic  meters  per  kil. 

1/\(v  lA   R9AR 

For  English  units  we  have  log  «  =  ^^    '  ^     or  «=18.765  cub.  ft  pw  poond. 

From  this  formula  we  obtain  «  as  well  as  u  with  great  exactness.  It  is  abo 
more  conyenient  for  calculation  than  Equation  XIY.    We  may  also  obtain  from 

it  the  specific  weight  y  of  the  steam.    Thus  ^  =  —  and  »  =  ~,  hence 


1.704 


or 


or 


"""=i:ii^=<^-^^^' 


y  =|)i.oM«  X  ^*!^0.58«8 ,    or  finally 


y  =  0.8061  X  p«*«»«  kilograms  per  cubic  meter. 
For  English  units  we  hare  y  =  0.0878S9  x  jp^»««  pounds  per  cubic  foot. 

By  means  of  this  formnla  Zeaner  has  found  the  specific 
weight  of  steam  for  different  pressures,  and  compared  with  the 
Talues  obtained  by  previous  calculations.  The  coincidence  is 
so  great  that  only  occasionally  is  there  a  deviation  of  one  nsit 
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in  the  third  decimal  place.  Hence  the  last  formula  is  of  great 
practical  nse. 

We  have  assumed  above  that  the  yolumes  and  pressures  for 
one  kilogram  of  steam  are  taken  as  abscissas  and  ordinates. 
Instead  of  this,  we  might  have  taken  the  volumes  of  one-half^ 
one-third,  etc.,  kilogram  of  steam,  together  with  the  correspond- 
ing pressures,  and  thus  obtained  a  curve.  This  new  curve 
would  have  the  same  law  as  the  above,  and  will  only  differ  in 
having,  with  reference  to  the  same  axes,  a  different  beginning 
and  end.    It  is  represented  in  the  Figure  by  the  dotted  line 

[Curm  of  Saiuraium.—OrUicdl  Temperaiure.—'Jjet  a  series  of  isothermals  be 
dnwii,a8u4,^,5i7i,  A^BtStTt,  etc.,  as  in  the  following  Figure,  ol  which  the 
portions  A^Bi,  AfBt  repre- 
sent the  changes  of  pressure 
and  Tolume  of  the  fluid  at  con- 
stant temperature  in  the  liquid 
state  ;  BiS^,  B^S,,  etc.,  the 
process  of  evaporation,  and 
SiTu  StT^y  etc,  the  expan- 
sion of  the  superheated  yapor 
at  constant  temperature.  A 
curve  drawn  through  the  points 
8u  Stf  etc.,  will  represent  the 
changes  which  may  be  under- 
gone by  the  fluid  while  it  re- 
mains entirely  in  the  state  of 
saturated  vapor.  It  is,  there- 
fore, called  the  curve  of  aaturch 

iion.  The  Tolume  of  all  fluids  in  the  state  of  saturated  vapor  decreases  as  the 
pressure  and  temperature  increase,  and  thus  the  curve  of  saturation  slopes  down- 
ward from  left  to  right,  as  shown  in  the  Figure. 

On  the  other  hand,  the  volume  of  every  liquid  at  the  boiling  point  increases 
with  pressure  and  temperature.  Therefore  a  curve  drawn  through  the  series  of 
points  ^„  B^,  etc,  will  slope  in  the  opposite  direction  to  the  curve  of  saturation, 
and  the  two  will  approach  each  other  as  the  pressure  increases,  and  at  length 
meet  The  physical  interpretation  of  this  is  that  at  a  certain  temperature  the 
liquid  and  gaseous  states  become  continuous,  there  being  no  marked  separation, 
such  as  that  observed  in  the  ordinary  processes  of  evaporation  and  condensation, 
between  them.  This  is  called  the  erUiedl  temperature  of  the  fluid.  Above  this 
temperature  the  fluid  retains  the  properties  of  a  gas  under  any  pressure  however 
great 

It  is  supposed  that  the  so-called  permanent  gases  resist  condensation  into  the 
liquid  form  so  greatly  because  the  lowest  temperatures  which  we  are  able  to  pro- 
duce ordinarily  are  stUl  above  their  critical  tempieratures. 

For  certain  sabstanoes  the  critical  temperature  has  been  aoouxately  deter- 


Fio.  eow 
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aUned.    For  instance,  that  of  cattxHiie  acid  is  at  ffl.T  Fahr.,  or  81.17°  C  and 
the  coRGVponding  pressure  of  saturation  is  about  74  atmoepheree. 

Tiiere  are  a  few  subetancea,  howerer,  which  can  readily  be  brooi^t  to  the 
critical  temperatnie.  Water  reaches  it  at  about  730.6°  Fahr.,  or382.5S°C.  The 
corresponding  pTeaaure  of  satmation  has  not  been  determined.  But  Imth  toB- 
peratuFQ  and  prewore  are  far  higher  tlum  those  met  with  in  tlie  practical  appliea- 
taons  of  steam.] 

DeportTnent  of  Steam  when  it  Ih^xwda  Petforming  Work,— A. 
knowledge   of   the   deportment    of  eatnrated   steam,  when  it 
expands  while  performing  work,  is  of  especial  importance  in 
practice,  as,  bj  means  of  it,  we  are  in  a  position  to  estimate  more 
exactly  the  action  of  steam  in  the  steam  engine.   It  was  formerly 
assnmed  that  steam  in  expanding  not  only  remaioed  saturated, 
but  also  that  the  steam  weight  did  not  change ;  that,  therefore, 
the  expansion  took  place  ^ong  the  curve  of  constant  steam 
weight     Pambonr  especially,  to  whom  we  owe  the  first  com- 
plete and  systematic  theory  of  the  steam  engine,  assumed  this 
principle  in  his  development,  and  after  him  all  writers  down  te 
recent  times  accepted  it  as  correct.  Although  now  the  saturated 
steam,  under  the  given  conditions,  remains  saturated,  as  is  indi* 
cated  by  the  older  observations  of  Pambonr,  and  the  mora 
recent  observations  of  Him,  still  the  steam  weight  is  not  ocmslwd, 
in  other  words,  expansion  does  not  take  place  according  to  the 
curve  of  constant  steam  weight    This  fact  can  only  be  made 
apparent  by  the  aid  of  the  mechanical  theory  of  heat,  as  vaa 
done  in  1851,  almost  simultaneously,  by 
Clansius  and  Bankine.  It  is  easy  to  show 
that  the  expansion  of  steam  in  a  steam 
engine  does  not  follow  the  curve  of  con- 
stant steam  weight 

Let  OA,  Fig.  67,  be  the  steam  volume 
behind  the  pisten,  its  temperature  i 
=  144°,  and  pressure  p  =  4  atmospheres 
=  41336  kilograms  per  square  meter. 
Ijet  the  volume  OA  of  1  tdlogram  be 
0.447  cubic  meters.  If  this  steam  ex- 
pands to  the  volume  OD  —  0.507  cnbio 
'^■"-  meters,  the  temperature  sinks  to  140.44° 

and  the  pressure  to  (7Z*  =  3.5  atmospheres  ^  36169  kilograipfl 
per  square  meter.    If  now  the  steam  during  this  expanuon 
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remams  saturated,  and  the  steam  weight  constant,  the  curve 
BC  is  a  portion  of  the  curve  of  constant  steam  weight,  and  the 
shaded  area  ABCD  denotes  the  mechanical  work  performed 
during  expansion.  The  contents  of  this  area  are,  considering 
it  as  a  trapezoid, 

AB-^  CD      • 
s X  AD^ 


or 

41836  +  36169 


X  (0.507  -  0.447)  =  2825 


meter-kilograms.    This  work  represents 

.^  =  5.49  heat  units. 

Now  the  steam  heat  at  4  atmospheres  of  1  kilogram  of 
steam  is 

J^  146.31  +  46L56  =  606.81  heat  units, 


and  at  3.5  atmospheres 

J=  140.44  +  466.26  =  605.70  heat  units. 

The  difference,  1.11  heat  units,  is  not  sufficient  to  perform 
the  work  of  2326  meter-kilograms.  For  this  purpose  4.38  heat 
units  more  are  necessary. 

Since  now,  according  to  our  assumption,  no  heat  is  imparted 
from  without,  we  must  conclude  that  the  steam  condenses,  and 
that  the  condensation  supplies  the  lack  of  heat  of  438  heat 
units. 

Since  steam  condenses  during  the  expansion,  the  work  done 
cannot  be  so  great  as  when  the  steam  weight  is  constant,  and 
hence  the  curve  of  expansion  must  approach  the  axis  OX  more 
rapidly  than  BC^  which  is  a  portion  of  the  curve  of  constant 
steam  weight.  If,  then,  the  end  pressure  is  the  same,  the  end 
volume  cannot  be  OD^  but  must  be  less  than  OD.  If  OF  is 
this  volume,  and  FE  =  CD  the  final  pressure,  the  work  during 

87 
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expansion  is  given  by  ABEF.  The  yolome  OF  and  tlie  press^ 
nre  EF  must  correspond  to  the  volume  and  pressure  of  the 
remaining  saturated  steam.  The  point  E  must  therefore  lie 
in  a  curve  of  constant  steam  weight,  where  the  weight  is  less 
than  1  kilogram.  Since  the  expansion  takes  place  without 
heat  being  added  from  without,  the  curve  BE  must  be  part  of 
an  adiabatic.  ^ 

Our  example  shows  plainly  that  during  expansion  steam  is 
condensed,  or  else  that  heat  must  be  imparted,  but  it  does  not 
give  the  exact  value  of  this  heat,  since  the  work  during  expan- 
sion is  not  given  by  ABCD  but  by  the  less  area  ABEF.  If, 
therefore,  we  wish  to  find  this  heat  we  must  adopt  another 
method.  This  has  been  done  by  Clausius,  in  his  "  Abhandlung 
Uber  Mechanische  Wdrmdheorie,"  1864,  and  we  shall  now  pro- 
ceed to  point  it  out. 
Suppose  in  a  prismatic  vessel  a  mixture  of  steam  and  water  of 

the  temperature  t  and  pressure 
^  AB,  Fig.  68.    Of  this  mixture 

let  M  kilograms  be  liquid  and 
m  kilograms  steam.  Upon  the 
steam  presses  a  piston  whose 
pressure  is  AB. 

We  impart  heat  to  the  water 
while  assuming  the  pressure  re- 
mains constant  In  this  case  all 
the  heat  goes  to  form  steam,  and 
is  therefore  latent  Suppose 
L  that  thus  mi  kilograms  of  water 
are  vaporized,  so  that  we  now 
have  in  all  m  +  mi  kilograms  of  steam.  If  now  r  denotes  the 
latent  heat  when  1  kilogram  of  water  at  the  temperature  t,  and 
under  the  constant  pressure  AB^  is  evaporated,  the  heat  im- 
parted is 

miTi  heat  units (1). 


B 


AE 


u 


Fio.  68. 


Now  let  the  entire  steam  volume  m  +  mi  expand  adiabati- 
cally.  The  expansion  is  then  at  the  expense  of  the  heat  of  the 
mixture,  and  the  temperature  sinks.  If  we  suppose  the  expan- 
sion CG  to  be  very  small,  the  decrease  of  temperature  is  slight 
Denote  it  by  r,  so  that  at  0  the  temperature  of  the  mixture  is 
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<  —  r.  It  is  dear  that  GG  is  a  portion  of  an  adiabatic.  We 
may  suppose  now,  in  opposition  to  our  calculations,  that  from 
(7  to  &,  ni  kilograms  of  steam  are  formed. 

Now  we  compress  the  steam,  assuming  that  it  is  always 
saturated,  from  the  volume  OHy  temperature  t  —  r,  and  press- 
ure HG^  so  that  pressure  and  temperature  remain  constant. 
We  must  then  abstract  heat  during  compression.  This  com- 
pression is  carried  to  a  point  F^  so  chosen  that  when  from 
there  on  the  steam  is  compressed  adiabatically  the  mixture 
will  retake  its  original  condition,  and  we  shall  have  again  M 
kilograms  of  water,  and  m  of  steam  at  the  temperature  t  Then 
the  temperature  from  F  to  B  has  been  increased  by  r,  and  the 
work  which  the  steam  performed  by  expansion  from  C  ix)  G  has 
been  received  again  from  Fix)  B,  We  have  thus  here  a  simple 
cycle  process.    Inner  work  has  been  neither  gained  nor  lost. 

Let  now  r^  be  the  heat  which  must  be  abstracted  from  1  kilo- 
gram of  steam  at  the  temperature  /  —  t,  in  order  to  obtain  1 
kilogram  of  water  at  the  temperature  ^  —  r,  then  if  from  G  to 
Ff  m%  kilograms  are  condensed,  the  heat  abstracted  is 

m^r^  heat  units    ......     (2). 

The  excess  of  the  heat  imparted  over  that  abstracted  is 

miVi  —  m^Ti  heat  units (3)* 

By  this  excess  a  certain  mechanical  work  is  obtained,  repre- 
sented by  the  area  BGGF,  which,  since  CG  and  BF  are  very 
small,  we  may  regard  as  a  parallelogram.    The  area  ia  thea 

BC  x{AB^  FE). 

If  we  denote  the  difference  AB  —  FE  by  ;r,  we  have 

BC  X  n. 

■ 

If  now  the  volume  of  1  kilogram  of  steam  at  f  is  u,  that  of 
mi  kilograms  is  miU,    Hence  BG  =  niiu,  and 

BG  X  TC  =  miun. 

The  heat  corresponding  to  this  work  is 

Amiun (4). 
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This  heat  must  be  eqnal  to  (3),  hence 

m{ri  —  mir^  =  Aviiun (6). 

Now  the  steam  weight  generated  on  the  path  BGQ  is 

fill  +  ni, 
and  that  condensed  on  the  path  OFB  is 

assuming  that  dnring  the  compression  BF^  n^  kilograms  are  de- 
posited. Since  at  the  end  of  the  process  we  have  the  original 
quantity  of  water  and  steam, 

mi  +  ni  =  nis  +  fit (6). 

Hence 

Wl2  =  ^  +  %""^»     •     •     •     •     •     (7)» 

Substituting  this  value  in  (5), 

iniri  —  miV^  —  n^r^  +  njr2  =  Amiun  ,    .    .    (8). 

We  can  eliminate  rii  and  n^  from  this  equation  as  follows : 
We  have  assumed  during  the  expansion  CO  steam  to  be 
formed,  therefore  heat  amounting  to 

nir2  heat  units 

taken  from  the  existing  water  and  steam  in  order  to  form  the 
fii  kilograms.  If  the  specific  heat  of  the  water  is  c,  then  the 
heat  abstracted  from  the  water  if  —  mi  is 

(Jf  —  mi)cT  heat  units. 

But  heat  is  also  taken  from  the  existing  steam  mass  m  +  fih. 
If  we  suppose  that  1  kilogram  of  saturated  steam  at  f"  must 
give  up  h  heat  units  in  order  to  remain  saturated  at  ^  —  1  de- 
grees,* then  the  m  +  mi  kilograms  of  steam  lose 

(m  +  mi)  JiT  heat  units. 

*  [We  Me  therefore  that  A  plays  the  part  of  a  speclAc  heat.     We  may  consider  It  at  th« 
**  apeclflc  heat  of  satarated  steam  for  coo^tant  steam  quantity.*'] 
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(We  shall  see  hereafter  that  h  is  negative,  so  that  during  ex- 
pansion the  steam  does  not  lose  heat,  but  gains  it,  as  should 
be  the  cas^.) 

We  have  then 

nxr%  =  (Jf  —  m^cr  +  (m  +  mi)  Xr    ,    .    .    (9). 

From  F\o  B  the  steam  is  compressed  adiabatically.  If,  now, 
on  the  way  CO  heat  is  abstracted  from  the  existing  mass,  or 
the  way  BF  it  is  given  back  Since,  by  supposition,  w,  kilo- 
grams are  condensed,  the  heat  set  free  is 

n^ra  heat  imits. 

This  is  divided  among  M  kilograms  of  water,  and  m  of  steam. 
The  fiist  accordingly  receives 

Met  heat  units, 

and  the  second 

mhr  heat  units. 
Hence 

w^r,  =  Met  +  mht (10). 

Substituting  (9)  and  (10)  in  (8) 
fOiTi  —  m^T%  —  (Jf  —  «ii)cr  —  (m  +  m^  ht  +  Mcr  +  mht  =  AvriiUTt^ 

or  reducing 

^i  —  ^a  +  cr  —  Ar  =  Au7t    ....    (11). 

Now  the  total  heat  of  1  kilogram  of  steam  of  the  temperature 
i  is  606.5  +  0.305^  heat  units.  Or  if  the  specific  heat  of  the 
water  from  which  the  steam  is  generated  is  c,  and  the  latent 
heat  ri, 

606.5  +  0.305^  =  erf  +  r,    .    .    .    .    (12). 

For  1  kilogram  of  steam  of  the  temperature  f  —  r  we  have,  in 
like  manner, 

606.5 +  0.306(e-T)  =  r,  +  c(^-T)    .    .    (13). 

Subtracting,  we  have 

0.305r  =  ri  —  rj  +  cr. 
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Substituting  in  (11) 

0.305r  -  Ar  =  ^itn: (14). 

From  Equation  (XTT.),  page  390,  we  have 

'  r  ^  =  Aun (15). 

and  from  this  and  (14)  we  have 

A  =  0.305-J (XVIL) 

or  *=<^^<^^~27fc' 

or  for  English  units  h  =  0.805  -  459  4  4,  f 

Since  ^  =  ^=^ — ^  is  always  greater  than  0.305,  h  is  negaiive. 

We  see,  therefore,  that  when  saturated  steam  expands  performing 
tvorkf  so  that  tlve  temperature  sinks,  toe  have  not  to  abstract  bid  to  add 
heat  in  order  to  keep  it  saturated.  And  if  saturated  steam  is  com- 
pressed,  heat  must  not  be  added  but  abstracted  in  order  to  keep  ii 
saturated.  Otherwise  the  steam  is  superheated,  and  has  a  higher 
pressure  than  saturated  steam  of  the  same  volume.  The  heat 
imparted  in  the  first  case,  and  abstracted  in  the  second,  is  for 
1  kilogram,  for  a  rise  or  fall  of  1  degree, 

Ab  r  =  W-q,  or  r  =  606.5  -  0.695<  -  0.00002<'-  0.0000003«', 

1.     A  OAK     606.5  -  0.695«  -  0.00002f  -  0.0000003<» 
A=  0.305 ^j^^^ . 

or  for  EngliBh  units  h  =  0.305  — 

1091.7  -  0.695  {t  -  32)  -  0.0000111  (t  -  32)"  -  0.0000000  jt  -  32)* 

459.4  +  t 

Since,  according  to  Clausios,  we  have  with  good  exactness 

r  =  607  -  0.708*, 

or  for  English  units      r  =  1092.6  =  0.708  {t  -  32). 
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1          i    1.     A  OAK     607  -  0.708^ 
we  may  also  wnte  A  =  0.306 q-o  .  ^    » 

orfinaUy,  A  =  1.013-^j^     ....     (XVIH) 

or  for  English  units  h  =1.013  —  ^q-j — !• 

EXAMPLE. 

How  many  heat  units  must  be  imparted  to  1  kilogram  of  saturated  steam  at 
lOO*",  when  it  expands  performing  work,  and  the  temperature  sinics  1°  ? 

From  Table  II.  we  have,  since  ¥  =  p  +  Apu,  for  100%  496.80  +  40.20  =  536.5 
heat  units,  henoe 

h  =  0.805  -  27B^^  lOO"^^'^^""^^  "^  0.806-  1.488=  - 1.188 heat  units. 

965.7 
For  one  pound  at  212''  Fah.  we  have  A=0.805—  -— — -  =  —1.188  Eng. heat  units. 
^  671.4  ^ 

The  problem  which  we  have  discussed  can  be  solved  in  a 
simpler  manner. 

Suppose  the  cycle  process  completed.  The  work  performed 
is  given  by  the  shaded  area  BOOR  Suppose  now  that  the  ex- 
pansion on  the  path  CG  bad  extended  until  the  temperature 
had  sunk  I''  instead  of  r.    Then  the  work  L  would  be 


L  = 


^[r-(r-i)]=^ 


where  r  is  the  latent  heat  from  B  io  C.  We  know  that  this 
work  can  only  be  gained  when  the  heat  imparted  along  BGia 
greater  than  that  abstracted  along  GF,  because  the  work  which 
is  performed  by  expansion  GG,  by  reason  of  inner  heat  of  the 
steam,  is  equal  to  that  which  is  expended  in  the  compression 
FB. 
The  work  performed  expressed  in  heat  units  is  therefore 

Q=AL  =  ^ 

Hence  the  volume  0  C  of  the  saturated  steam  of  t  degrees 
contains  >^  heat  units  more  than  the  volume  OF,  of  the  satu- 
rated steam  of  ^  —  1  degrees.    Now,  1  kilogram  of  saturated 
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steam  of  f  has  only  0.305  heat  units  more  than  1  kilogram  of 
^  —  1  degrees.     Since  -=  >  0.305,  we  have  to  impart  during  ex- 

pansion  -=  —  0.305  heat  units,  or  to  abstract  during  compres- 
sion BE,  the  same  amount,  in  order  to  keep  the  steam  saturated. 
This  is,  therefore,  the  heat  added  or  abstracted,  which  we  haye 
denoted  bj  A,  so  that 

A=  J -0.305. 

Or,  if  we  consider  the  heat  imparted  during  expansion  as 
negative, 

A  =  0.306-~^. 

« 

Our  formula  shows  that  h  is  variable  with  the  temperature. 

We  see,  especially  from  our  equation,  page  409,  that  h  is  greater, 

800.3 
that  is,  is  nearer  zero,  the  greater  t,  since  the  quotient  arjo',} 

diminishes  with  increasing  temperature. 

Heat  Imparted  or  Abstracted  for  Oreat  Differences  of  Temperor 
ture. — ^In  the  following  tabulation  we  have  given  the  heat  neces- 
sary in  order  to  keep  one  kilogram  or  one  pound  of  steam  of 
10, 20, 30,  to  120  degrees  Centigrade,  saturated  and  uncondensed 
during  its  expansion  and  cooling  of  one  degree.  The  same  heat 
is  requisite  to  keep  the  same  quantities  of  steam  saturated  at 
the  same  temperatures,  when  the  temperature  is  raised  1  de- 
gree, but  the  heat  must  be  then  abstracted. 

Temperature      0  10  20  30  40  50  00 

Value  of  A    -1.917    -1.814    -1.718    -1.628    -1.544    -1.465    -1.391 

Temperature        70  80  90  100  110  120 

Value  of  A        -1.321       -1.265       -1.192       -1.133       -1.077       -LO^i 

If,  now,  it  is  required  to  determine,  for  example,  what  heat 
must  be  imparted,  in  order  that  1  kilogram  of  saturated  steam 
at  100°  may  expand  gradually  to  1  kilogram  of  saturated  steam 
at  0°,  we  must  determine  the  mean  of  h  between  O''  ^d  100', 
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and  multiply  by  the  number  of  terms  by  which  the  mean  was 
determined    We  may  find  the  mean  best  by  Simpson's  rule. 

If  we  have  a  number  of  quantities  occurring  at  equal  inter- 
yals,  and  denote  them  by  Po»  ^P^  A  •  •  •  ^a - 1»  so  that  n  is  the 
number  of  intervals,  the  mean  is 

p=aPo+i'i+p«+-P3+  ...Pi.-i+iPi.)-?-«. 

If  the  number  of  intervals  n  is  even,  w&,  2,  4,  6,  %  eta,  the 
rule  gives  for  the  mean 

P  =  (Po  +  4Pi  +  2P,  +  4P,  +  . . .  4P«  .  1  +  P, )  ^  Sn. 

If  we  wish,  then,  to  find  the  mean  of  h  between  0""  and  100% 
according  to  the  first  formula,  we  must  put  for  Po  1.917,  for 
P,  1.814,  for  P,  1.718,  finally,  for  P^  1.133.  Then  jPo  =  0.958, 
and  JPh  =  0.567,  hence 

P  =  (0.958  +  1.814  + 1.718  +  1.628  +  1.544  +  1.465  +  1.391  + 
L321  + 1.255  +  1.192  +  0.567)  -4- 10  =  14.853  ^  10  =  1.485;  or 
since  h  is  generally  negative,  A  =  --  1.485. 

If,  then,  1  kilogram  of  saturated  steam  expands,  performing 
work,  from  lOO""  to  0"",  and  still  remains  saturated  and  uncon- 
densed,  we  must  impart  on  the  average,  for  each  degree  of 
cooling,  1.485  heat  units.    The  entire  heat  imparted  is  then 

Q  =  1.485  X  100  =  148.5  heat  units. 

For  one  pound  from  212""  to  32''  Fah.  we  have 

Q  =  1.485  X  180  =  267.3  English  heat  units. 

In  the  same  way  we  may  find  for  1  kilogram  of  steam  whose 
temperature  sinks  during  expansion  from  80"^  to  O'', 

Q  =  1.558  X  80  =  12464  heat  units. 

For  one  pound  from  176"^  to  32"^  Fah.  we  have 

Q  =  1.558  X  144  =  224352  English  heat  units. 

Zeunar  has  given  a  table,  which  gives  the  amount  of  heat 
which  must  be  imparted  when  1  kilogram  of  saturated  steam 
of  1, 2, 3,  etc.,  atmospheres  cools  by  expansion  to  O''  and  remains 
all  steam.    In  Table  HL  we  have  given  these  values  of  Q,  as 

T 

well  as  the  corresponding  values  of -^. 
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EXAKPLE. 

How  many  units  of  heafc  must  be  imparted  to  1  kilogram  of  saturated  steam 
of  5  atmospheres,  when  it  expands  in  the  cylinder  of  an  engine,  performing  work, 
down  to  1  atmosphere,  and  yet  still  remains  saturated  and  uncondensed  ? 

From  Table  III.,  for  a  pressure  of  6  atmospheres. .  Q  =  200.46 
And  for  1  atmosphere . .  •  Qi  =  148.47 

The  heat  imparted  from  5  to  1  atmos.  is  then 51 .99  heat  units. 

For  one  pound  under  the  same  circumstances  we  have  98.576  English  heat  units. 

This  amount  of  heat  is  too  great  to  be  supplied  by  the  hot  cylinder  sides,  as 
has  been  assumed  by  the  followers  of  Pambour.  If  therefore  no  heat  is  imparted 
from  without,  so  much  steam  must  be  condensed  as  will  furnish  the  necessary 
heat.  This  amount  of  steam  can  indeed  be  relatively  very  small,  since  the  latent 
heat  of  steam  is  great  with  respect  to  the  heat  required. 


Deportment  of  other  Vapors  during  Expansion, — ^The  formula 
for  h  was 

A  =  0.305 --J^. 

In  this  0.305  is  the  amount  of  heat  which  one  kilogram  of 
steam  of  ^  +  1  degrees  possesses  more  than  1  kilogram  of  ^  de- 
grees, because  1  kilogram  of  ^  +  1  degrees  has 

606.5  +  0.305  {t  +  1)  heat  units, 

and  one  of  t  degrees  has 

606.5  +  0.305^  heat  units, 

and  the  difference  is  0.305  heat  units. 

The  total  heat  of  1  kilogram  of  ether  steam  of  ^  +  1  degrees 
is,  as  we  have  given  it, 

9 

94  +  0.43  (« +  1)  -  0.00055656  {t  +  1)\ 
or 

94.449444  +  0.4489^  -  0.000556^. 
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For  /°  it  is  94  +  0.45*  -  O-OOOSSei*. 

The  difference  is     0.449444  -  0.001U. 
Hence  the  expression  for  h  for  ether  steam  is 

h  =  0.449444  -  0.001K  -  4 

Since,  however  (page  392),  r  =  94  -  0.079<-  O.OOOSS**,  we  have 

A  =  0.449441  -  0.0011^  -  ^  "  Q'",;^^  ^  "^"^^'^^ 

Ar=(273+00-4*944*-0-0011U273+0-94  +  0.079e + 0.0008«», 
or  Ar  =  28.6982  +  0.226^  -  0.00026<». 

For  English  nnits 

Ar=  51.7783  +  0.2264  («-32)  -  0.0001443  (<-32)«. 

If  we  find  the  formula  for  water  steam  in  a  similar  manner, 
we  have 

AT  =  -  523.23  +  t  +  0.00002  <*+  0.0000003^, 
or  for  English  imits 
Ar=  -94L843 + (^-32)  +0.0000111(^-32/ + 0.0000000926(<-  32)«. 

We  see  from  this  formula,  that  even  for  very  high  tempera- 
tures A  is  still  negative,  as  we  have  already  concluded  from  the 
form  of  other  formulae.  We  see  from  the  formula  for  ether 
steam  that  A  is  positive  even  when  the  temperature  is  very  great. 
This  kind  of  steam  therefore,  must  have  heat  extracted  from  it 
during  expansion,  if  no  part  of  it  is  condensed.  This  peculiar 
deportment  of  ether  steam  was  first  pointed  out  by  Hirn.  All 
other  vapors  which  we  have  named,  in  fact,  all  for  which 
Begnault  has  determined  the  sensible  heat  and  latent  heat  of 
vaporization,  comport  themselves  like  water  steam,  and  for 
them  A  is  therefore  negaHve. 
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QUESTIONS  FOB  EXAMINATION. 

What  is  the  curve  of  constant  Bteam  weight  f  When  aatnrated  steam  expands,  peTformte; 
work,  does  It  remain  saturated  ?  It»  the  steam  weight  constant  1*  If  not  can  you  prove  that  it 
is  not  ?  If  saturated  steam  is  compressed,  and  heat  at  the  same  time  at»tracted  »o  that  the  ten- 
I)erature  is  kept  constant,  what  takes  place  ?  If  no  heat  is  abstracted  ?  If  it  expands  perfom- 
Ing  work,  and  heat  is  not  added  T  Ilow  many  hcAt  units  must  be  imparted  to  1  kllogrun  o( 
saturated  steam  at  100^  to  keep  it  saturated  and  uncondensed,  when  it  expands  performing wudc, 
till  the  temperature  is  90°  ?   Suppose  uo  heat  is  added,  how  much  steam  will  be  condensed ! 
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OHAPTEB  XVm 

HEAT  OUBVES  OF   STEAM  AND  LIQUID  MIXXUBE& — CON8IBU0TION  OF 

THE  SAME. — TECHNICAL  APPLICATIONS. 

A.  Isothermal  Cubye. 


Form  of  the  Curve. — The  isothermal  curve  has  been  defined  as 
that  which  gives  the  change  of  condition  of  a  body  when  the 
temperature  is  kept  constani    For  gases  this  was  a  curved  line 
which  made  apparent  the  law 
of  Mariotte.      Now  we   know   ^• 
that  if  for  saturated  steam  the 


B. 


C. 


■ 


■v: 


' 


"W 


0 


pressure  is  constant,  the  tem- 
perature is  constant  also.  If, 
then,  AB  =  p  (Fig.  69)  is  the 
pressure  of  the  steam  in  a  mix- 
ture of  steam  and  water,  this 
pressure  remains  constant  so 
long  as  the  temperature  is  the 
same.  Heat  added  to  the  wa- 
ter simply  vaporizes  some  of 
it,  the  volume  increases,  and 
the  isothermal  for  the  mixture 
is  a  straight  line  parallel  to  OX*  Since  for  a  higher  or  lower 
temperature  the  pressure  p  is  greater  or  less,  the  line  BC  will 
be  at  a  greater  or  less  distance  from  OX 

Oiifer  and  Inner  Work  during  Eatpanaion.-^'Let  0^  =  v  be  the 

^  [Ben  tiMcefora  the  iaoUMnoal  aod  kiopiestic  Unes  coincide.] 
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initial  specific  volume  of  the  mixture  (yolnme  of  1  kilc^ram), 
then,  as  already  proved,  page  401, 

where  u  can  be  taken  from  Table  IL  for  given  pressure  and 
temperatore.  If  now  we  heat  the  mixture  till  the  volume  is  Vi^ 
we  have 

Vi  =  XiU  +  (7. 

Since  the  ordinate  AB  =  p  describes  the  rectangle  ABCD, 
the  outer  work  performed  is 

L  =p{vi  —  v)  =:pu(xi  —  x) ; 
hence 

Xi—X=  - 


u 


In  practice  Vi—v\&  generally  given,  u  can  be  taken  from 
Table  IL,  and  thus  the  weight  of  water  vaporized  {xi  —  x)  can 
be  found. 

Now  what  is  the  entire  amount  of  heat  imparted?  All  this 
heat,  as  we  know,  goes  to  vaporize  the  water.  Of  this  the 
outer  latent  heat  is 

AL=^  Ap{vi  —  v)^Apu{xi  -  x\ 
while  the  inner  latent  heat  is 

/)  (a?i  —  jc) (XX.) 

The  total  amount  of  heat  is  then 

^  =  r  (a?!  —  cc)  =  r  -^ .    .    .    .    (XXL) 

or 

Q  =  {Apu  +  p)  (a-i  -  x) 

=  (^j?t*  +  p)^?^i^.    .    .    .    (XXIL) 
The  value  of  Apu  +  p,  as  also  u^  can  be  found  from  Table  IL 
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Example  1. — ^The  cylinder  of  a  non-condensing  engine,  working  with  full 
pressure,  has  a  cross-section  of  0.174  square  meter  (or  1.878  sq.  feet),  and  a 
stroke  of  1.048  meters  (or  8.44  feet).  The  steam  pressure  p  is  8^  atmospheres, 
and  the  number  of  revolutions  per  minute  is  24.  What  is  the  theoretical  work 
per  second,  and  how  much  heat  is  required  ? 

The  steam  quantity  per  stroke  is  0.174  x  1.048  =  0.183  cubic  meter.  Hence 

«,  —  «  =  0.183  cubic  meters  or  6.448  cubic  feet, 
and  the  work  per  stroke  is 

X=p(vi~  «)  =  10884  X  2i  X  0.182  =  4702  m.  kil..  or  84085.7  foot  lbs. 
The  work  per  second  is 
2  X  24 


60 
or 

8761 


X  4702  =  8761  meter-kilograms,  or  27268.58  ft  lbs. 


=  60  horse  power,  or  49.57  horse  power  English. 


76 
For  the  heat  required  per  stroke, 


Q  =  (Apu  +  p) 


u 


Sinoe  Apu  +  p  f or  8^  atmospheres  is,  from  Table  II.,  =  466.26  +  48.27  = 
508.63,  and  u  =  0.607,  we  have 

Q  =  608.53  ^^  =  182.66  heat  units. 

In  English  anits,    Q  =  016.864^^^  =  726.87  heat  units. 

Hence  the  heat  per  second  is 

183.66  X  H  =  146.05  heat  units. 

If  all  this  heat  had  been  converted  into  outer  work,  we  should  hare  had 
424  X  146.05  =  61926  meter-kiJograms,  while  in  reality  we  hare  only  8761,  or 
hardly  the  16th  part.  Now,  perhaps,  only  half  the  beat  of  the  fuel  acts  to 
vaporize  the  water,  so  that  we  utilize  only  the  82d  part  of  the  heat  of  the  fuel. 
Finally,  even  this  is  but  the  total  work  of  the  engine,  and  from  it  we  must  sub- 
tract the  prejudicial  resistances,  in  order  to  find  the  useful  work.  Since  these 
resistances  take  about  50  per  cent,  from  the  total  work,  we  have  only  ^^th  of  the 
heat  of  the  fuel  actually  utilized. 

Example  2.— A  condensing  engine  sends  0.182  cubic  meter  (or  6. '448  cubic 
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feet)  of  steam,  at  a  preesore  of  i^th  of  an  atmosphere,  into  the  condenser,  when 
the  pressnre  is  constant.  What  work  is  necessary,  and  how  much  heat  is  taken 
from  the  steam  ?    The  work  required  is 

10844  X  iV  X  0.183  =  188.08  meter-kilograms, 

or  2116.14  X  -At  X  6.448  =  1868.439  foot-poands. 

From  Table  II.,  Apv^  +  ptot^  atmosphere  is  688.85  +  85.46  =  574.81,aDd 
«  =  14.55.    Hence 

Q  =  574.81  ?^  =  7.179  heat  unite, 

14.50 

A44ft 
or  Q  =  1088.76  ^^  =  28.57  heat  unite  English. 

B.  ISODYNAMIO  CUBYE. 

The  isodynamio  curve  gives  the  law  of  change  of  p  and  v, 
when  the  inner  work  is  constant. 


Eqtiation  and  Construction  of  the  Curve. — Suppose,  as  before, 
one  kilogram  of  mixture  to  consist  of  x  kilograms  of  steam  and 
1  —  cc  of  water.  The  sensible  heat  of  the  mixture  is  ;,  and 
hence  the  steam  heat  is 

q-^-xp, 
and  the  inner  work  is 

-jiq  +  xp). 

If  now  we  have,  after  adding  heat,  Xi  kilograms  of  steam  and 
1  —  Xiot  water,  and  the  sensible  heat  ^i,  and  the  inner  latent 
heat  Pi,  we  have  for  the  '*  steam  heat "  in  the  new  state 

and  the  inner  work 

For  the  isodynamic  curve  then 

-j(g  +  a;p)  =  -^(gi  +  a?ift), 

or 

q  +  xp  =  qi  +  a>if>i.    .    .    .    (XXHL) 
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This  is  the  equation  of  the  isodynaroic  curve.  In  order  to 
construct  the  curve  we  must  know  the  ahscUaa  and  ordinate 
for  different  points.  If  we  assume  p  and  x  known  for  the  ini- 
tial condition,  then  from  p  we  know  t,  u,  q,  and  p.  The  corre- 
sponding volume  is  given  hy 

v  =  xu-¥  ff    or    v=xu. 

If  now,  pi  is  given  for  a  second  position,  we  know  at  once  qi 
and  /H,  and  since  we  know  q  +  xp  for  the  initial  condition,  we 
have 

y  -f-  icp  —  gi 
^  P 

and  then  from 

Vi  =  »!«,  +  ffi 

can  find  Vi  =  for  the  second  condition. 

Thus  let  p  =  5  atmospheres  and  x  =  0.80  kilograms,  then 
from  Table  IL, 

}  =  16a74,    /)=  45499,    and 

«  =  0.363.  ^ 

Hence 

tJ  =  «M  +  ff  =  0.8  X  0.363  +  0.001 
=  0.291  cubic  meter. 

Lay  off  now  OA  =  v  =  0.29,  Fig. 
70,  and  AB=5.  Then  ^  is  a 
point  of  the  isodyn&mic  carve. 
We  can  now  calcnl&te  Vi  for  pi 
=  4  atmospheres.  For  this,  gt 
=  145.31,  ft  =  461.5,  and  «,  =  0.447, 
hence 

A 
163.74  +  0.8  X  454.99  -  145.31 


=  0.807  kilogram. 

Therefore  0.007  kil(^am  of  water  are  vaporized.    ForViwehwa 

»,  =  iitt,  +  <T  =  0.807  X  0.447  +  0.001  =  0.362  cubic  meter- 
88 
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Lay  oflf  OC  =  0.362  and  CD  =  4,  and  2)  is  a  second  point  on 
the  curve.  In  the  same  way  we  can  determine  the  yolnmes  for 
pressures  of  8  atmospheres,  2,  and  1  atmosphere,  as  shown  in 
Fig.  70. 

The  curve  joining  all  the  points  thus  found  is  the  isodynamic 
curve  for  a  mixture  of  steam  and  water. 

We  see  here  also,  that  as  in  the  curve  of  constant  steam 
weight,  the  volumes  increase  as  the  pressures  decrease. 

The  curve  can  be  represented  then  by  an  equation  of  the 
form 

pif  =  jJiVi"  =  p^v^,  etc 

Zeuner  found  that  when  x  is  originally  =  1  kilogram,  and 
then  the  steam  compressed  according  to  the  isodynamic  curve, 
n  =  1.0466.  For  the  curve  of  constant  steam  weight,  n  =  1.0646. 
Jlhe  curve  of  constant  steam  weight  approaches  the  axis  of  X 
more  rapidly  therefore  than  the  isodynamic  curve,  and  lies 
therefore  between  the  latter  and  the  isothermal 

From  the  preceding  we  see,  that  during  expansion  of  steam 
along  the  isodynamic  curve,  water  is  vaporized^  and  during  com-' 
pressiony  is  condensed.  Thus,  as  we  have  seen,  for  a  pressure 
of  4  atmospheres,  Xi  =  0.807  kilogram,  while  for  5  atmospheres, 
X  was  0.8,  and  for  3  atmospheres,  0.815,  etc 

Outer  Work. — Heat^iequired. — ^In  order  to  determine  the  work 
performed  during  expansion,  we  determine  the  area  of  ACDB^ 
then  of  CDFEy  etc.,  considering  them  as  trapezoids.  Thus  for 
example,  for  the  outer  work  during  expansion  from  jp  =  5  to 
^1=  4  atmospheres,  we  have 

L  =  ^^^  {v^-  v)  =  10334 X 4.5  (0.362-0.291)  =  3302  met-kiL 

Since  further,  the  inner  work  is  constant,  all  the  heat  im- 
parted goes  to  outer  work.    This  heat  is  then 

Q  =  AL  =  ^x  3302  =  7.79  heat  units. 

r*  This  curve  is  of  little  value  in  practice,  hence  we  will  not 

discuss  it  further. 


%^ 
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C.    Adiabatio  Cubys. 

This  curve  gives  the  law  of  variation  of  p  and  v,  when  no 
heat  is  either  imparted  or  abstracted  during  the  change  of  con- 
dition. 

Eqmttm  and  Construction  of  the  Cfurve.— To  construct  this 
curve  we  must  find  from  a  given  pressure  or  temperature  the 
corresponding  volume.  In  this  connection  we  refer  to  what 
has  been  said  in  the  Appendix 
to  this  chapter,  and  advise 
that  it  be  read  before  the  fol- 
lowing : 

Let  OA,  Kg.  71,  be  the 
volume  of  1  kilogram  of  water 
at  0''.  If  this  water  is  not 
partly  vaporized  when  heat  is 
imparted  to  it,  it  must  be 
loaded  with  a  certain  weight 
or  subjected  to  a  certain 
pressure.  Gall  this  pressure 
AB,  Suppose  now  the  tem- 
perature of  this  water  is 
raised  gradually  to  1,  2,  3,  etc.,  degrees.  To  prevent  vapori- 
zation the  pressure  AB  must  be  correspondingly  increased. 
When  the  temperature  of  the  water  is  100^  the  pressure  is 
10334  kilograms.  The  imparting  of  heat  and  increase  of  press- 
are  is  thus  conducted  in  the  same  manner  as  for  permanent 
gases  in  the  Appendix.  We  have  then  here  a  certain  **  heat 
weight"  If  c  is  the  mean  specific  heat  of  water  between  0  and 
t  degrees,  the  heat  weight  imparted  for  this  rise  of  tempera- 
ture is  approximately,  taking  c  as  constant, 

c  ,  .273  ^t       c  ,  .    T 

3-lognat-273-  =  3-lognat2^ 


OA 


If  we  denote  this  by  -j,  we  have 


T  =  c  log  natg^  =  2.3026  c  log^ 


(XXIV.)  *r.- A   (/ 


The  exact  valtie  of  r,  for  French  units  and  temperature  Cen- 
tigrade, is  r  =  2.4318892  log  ^  -  0.0002057 1  +  0.00000046  f. 
For  English  luiits  and  temperature  Fahrenheit, 
r  =  2.414100468  log  7^  -  0.0001054(<  -  32) 
+  0.0000001SB9  {t  -  32)*. 


436  THERMODTNAMICa. 

The  value  of  r  is  given  in  Table  TTT.,  for  different  pressures. 

Let  us  assume  that  the  water  is  heated  under  these  condi- 
tions up  to  lOO"*,  and  that  the  pressure  is  AC^p.  Now  let  heat 
be  still  further  imparted,  while  the  pressure  remains  unchanged. 
Vaporization  then  takes  place  under  constant  pressure  and 
temperature.  Suppose  we  thus  allow  a  certain  weight  of  water, 
a;,  to  be  vaporized.  The  volume  is  increased,  and  Ac  is  carried 
to  DE.  Through  this  point  D  let  an  adiabatic  curve  be  con- 
structed.   The  heat  weight  necessary  for  vaporization,  whieh 

must  be  imparted  to  the  x  kilograms  of  water  is  -pp .   Hence  the 

total  heat  weight  imparted  both  to  water  and  steam  is 

r    ,    xr        c  ,  ,     T    ,    XT 

In  other  words,  this  equation  gives  the  heat  weight  neces- 
sary to  raise  1  kilogram  of  water  from  0''  and  the  corresponding 
pressure,  into  water  of  t  degrees  and  the  corresponding  press- 
ure, and  tJien  to  convert  x  kilograms  of  this  water  into  steaoL 
As  soon  as  a?  is  known,  we  can  find  the  corresponding  volume^ 

and  can  then  lay  off  OE  and  ED. 

Suppose  again,  we  raise  the  water  from  0°  to  <i°,  for  which 
the  pressure  ispi.  The  heat  weight  is  then,  imder  the  assump- 
tion that  between  0°  and  ^i""  the  mean  specific  heat  of  water  is 
the  same, 

Ti      c  ,  .  273  +  ^       c  ,  .    Tt 

Z  =  Z^^8^*^73-  =  Z^^«^*273- 

Now  let  a  certain  weight  Xi  of  this  water  be  vaporized  under 
constant  pressure  pi,  so  that  AF  passes  to  QH^  and  the  point 
6^  is  in  the  adiabatic  curve.    The  heat  weight  imparted  to  the 

steam  is  -—  . 
All 

We  have,  therefore,  for  the  entire  heat  weight  imparted, 
Z-*-2I\-Z  ^^8^*273 ''^r/ 
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Since  G^  is  a  point  in  the  adiabatic  curye,  this  heat  weight 
must  be  equal  to  the  firsi 
Hence 

A^  AT"  A  ^  ATi' 
or 

^+f  =  ^1  +  ^* t^^-) 

The  values  of  r,  r^,  and  ^ ,  -^,  are  given  in  Table  HL,  so 
that  Xi  can  be  easily  found  when  x  is  known.    We  have 

/  ,  xr\Ti 

If  a^  is  found,  the  volume  v^  is  given  by 

Vi  =  xiUi  +  <y, 

where  Ki  is  given  by  pi  and  ^1.  If  therefore  only  the  point  D  is 
given,  we  can  construct  the  point  G  on  the  adiabatic  through  D. 
In  similar  manner,  if  we  raise  the  kilogram  of  water  from  O'' 
to  ^°,  for  which  the  pressure  is  ^/ = ^  the  heat  weight  added 
to  the  water  is 

If  then  we  evaporate  x^  kilograms  under  constant  pressure, 
so  that  ^/passes  to  jET,  the  heat  weight  is  -^f ,  and  we  have 
for  the  total  heat  weight 


A      ATt' 


If  f  is  on  the  adiabatic, 


r  +  ^  =  r,+  ^'« 


y  -  •»  -     j,^    , 
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SO  that  we  con  find  3^  as  also  the  corresponding  Tolnme  Vi=oL 
We  can  thus  constmct  the  point  K.  Generally,  we  see  that  bj 
the  principles  given  in  the  Appendix,  we  can  easily  find  difFe^ 
ent  points  on  an  adlabatic.  Foi 
V  the  sake  of  illostration,  let  ns 

take  a  special  example. 

Let  us  assume  that  we  have 
to  start  with  x  =  0.80  kilt^rams 
of  steam,  and  hence  1  —  a;  =  flL20 
of  water.  The  pressure  p^a\ 
atmosphere.  Then  we  have  for 
OE 

OE  =v  =  xu  +  ff. 

A        Since  for  p  =  1,  k  =  1.65, 

V  =  080  X  1.65  +  OOOl, 

'  or,  disr^arding  ff, 

«  =  0.8  X  1.65  =  L320  cub.  m. 

^  *  Lay  oflE  then,  Fig.  72,  OE  = 

1.32  and  ED  =  1  atmos.,  and  D  is  a  point  in  the  adiabatic.  We 
may  construct  a  second  point  for  p  =  2£D  =  2  atmos. 
For  this  we  have 

XT  XiT, 

Id  Table  HL,  we  have  the  values  of  r,  r,  and  -=  foi  diffatcDt 


For^  =  1 

hence 

T  +  ^  =  0.31  +  0.8  X  \M  =  L46, 

1.46  =  r, +a^^. 
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Por  pi  =  2  atmos.    n  =  0.37,  ^  =  1.33,  hence 


1.46  =  0.37  +  jTi  X  L33, 

and 

^_  1.46  -  0.37  __  ^  oo 

"^=—1:33 — -^-^^ 

By  the  rise  of  temperature,  0.02  kilograms  of  water  are  thus 
yaporized.  Now  Vi  =  XxU^^  and  since  f or  ^  =  2  atmospheres, 
tij  =  0.86,  we  have 

Vi  =  0.82  X  0.86  =  0.71  cubic  meters. 

Make,  then,  0H=^  0.71,  and  HO  =  2,  and  we  have  the  point 
G  of  the  curve. 
Let  1^  =  3  atmospheres.    Then 


^  T^  2^  —  ^»  +  -jT  f 


or 


1.46  =  ^t  +  aii-^. 
According  to  Table  HL,  for  j:^  =  3  atmospheres. 


hence 


and 


r,  =  0.40,    ^^  =  1.26 


1.46  =  0.40  +  a^  X  1.26, 


1.46  -  0.40     ^  Q .  , ., 
a^= ="26 —  "=  ^'°*  kilograms. 


Hence,  since  tis  =  0.69, 


t^  =  a-^ti,  =r  0.84  X  0.59  =  0.50  cubic  meters. 
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Lay  off  then,  OL  =  0.5,  and  LK^  3,  aud  f  is  a  third  point  on 
the  curye. 

For^  =  4  atmospheres,  we  find  in  similar  manner,  t7s  =  0.38 
cubic  meters.  In  our  Fig.  72,  OB  =  0.38,  and  J3(7=  4,  and  thus 
we  have  a  fourth  point  (7.    The  curve  joining  these  points  is 

the  adiabatic — 

-  Wd'  see  from  the  preceding,  that  when  a  mixture  of  steam 
and  water  is  compressed  adiabaticallj,  water  is  vaporized,  and 
at  the  end  there  is  more  steam  and  less  water  than  at  first  If 
there  were  at  first  saturated  steam  only,  without  water,  by 
compression  the  steam  would  be  superheated,  and  the  adiabatic 
curve  for  this  superheated  steam  would  be  different  If  the 
saturated  steam  expands  performing  work,  we  have  inversely, 
condensation  of  steam,  as  has  already  been  proved  elsewhere. 
The  deportment  of  saturated  steam  by  adiabatic  expansion  or 
compression  is  thus  the  reverse  of  that  for  the  isodynamic 
curve. 

Since  a  knowledge  of  the  law  of  the  adiabatic  curve  is  of  the 
greatest  importance  for  a  reliable  and  thoroughly  scientific 
theory  of  the  steam  engine,  we  shall  proceed  to  show  by  an  ex- 
ample, how  condensation  takes  place  during  expansion,  and 
shall  then  investigate  what  takes  place  when  we  have  at  first 
only  water  of  a  certain  temperature,  and  then  diminish  the 
pressure  according  to  the  adiabatic  curve. 

Suppose  in  a  cylinder,  1  kilogram  of  pure*  saturated  steam, 
without  admixture  of  water,  of  4  atmospheres  pressure,  and 
therefore  at  a  temperature  of  144°.  Then  here  a;  =  1,  and 
from  Table  ILL, 

r=  0.427,    ^=1.211, 

and  from  Table  EL,  u  =  0.447,  hence 

v:=xu  =  l  X  0.447  =  0.447. 

If  now,  Fig.  73,  OB  =  0.447  and  2?(7  =  4,  we  have  the  point 
C  as  the  first  point  of  the  curve.    We  have  now 

r  +  ar  J  =  0.427  +  1.211  =  1.638. 

*  "  Pare  **  i.  « ,  dry— no  water  particles  being  mechanically  Boapended  in  the  ateam.   Wbem 
this  la  the  caae  the  ateam  ia  aaid  to  be  "loe^** 
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Now  let  the  steam  expand  adiabatically,  until  the  pressure 
\Bpi  =  DE=  2  atmospheres.    For  this  case 


ri  =  0.368,   ^  =  1.326,  hence 

1.638  =  0.368  +  iTi  X  1.326,  or 
Xi  =  0.958  kilograms. 

Hence  1  -  0.958  =  0.042  kilo- 
grams of  steam  have  con- 
densed. The  volume  Vi  =  cciMi 
=  0.958  X  0.859  =  0.823.  If 
then,  OD  =  0.823  and  DE 
=  2,  J?  is  a  second  point  in 
the  curve. 

Let  the  steam  still  expand, 
till  its  pressure  is  1  atmos- 
phere =  FO. 


nfi  23--H 


Fie.  78. 


Then 


ra=  0.314,  ^  =  1.438,    t^,  =  1.649,  and 


1.638  =  0.314  +  Xnx  1.438    or    a:;,  =  0.920  kilogram. 


Hence  bj  expansion  from  4  atmospheres  to  1, 1—  0.920  =  0.08 
kilogram  of  steam  have  been  condensed. 
The  specific  volume  is 

v^  =  as|«3  =  0.92  X  1.649  =  1.518  cubic  meters. 

If  we  make  OF=z  1.518  and  FO  =  1,  we  have  a  third  point 
in  the  curve. 

We  see  then,  very  plainly,  that  during  expansion  the  steam 
condenses.  If,  inversely,  we  had  to  start  with  only  0.920  (x^ 
kilogram  of  steam,  and  1  —  0.920  =  0.080  of  water,  under  a 
pressure  of  1  atmosphere,  and  compressed  the  mixture  adia- 
batically  to  4  atmospheres,  we  would  have  at  the  end  of  the 
process,  1  kilogram  of  steam,  saturated,  and  the  0.08  kilogram 
of  water,  will  be  completely  vaporized* 
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The  expansion  ratio  in  the  first  case  is 

Vi     1.518 


V  "  0.447 


=  3.390. 


The  expansion  ratio  is  therefore  less  than  according  to  the 
old  views  as  to  the  properties  of  steam. 

Let  us  now  suppose  we  have  only  water  to  start  with,  of  a 
given  temperature,  the  pressure  being  therefore  such  that 
there  is  no  vaporization.  Now  let  the  pressure  diminish  gradu- 
ally, and  no  heat  be  imparted  or  abstracted,  and  let  us  see 
what  are  the  changes. 

Suppose  the  temperature  of  the  water  is  144°,  and  hence  the 
pressure  j9  =  4  atmospheres.    We  have  then 


hence 


r  =  0.427,    ^=1.211,    and    jb  =  0. 


r  + a?  J  =  0.427. 


If  now  the  pressure  sinks  gradually  to  2  atmospheres,  we  have 

Ti  =  0.368,    ^  =  1.326     and     Tj  +  aj^^  =  0.368  +  Oi  x  1.326, 

hence 

0.368  +  iCi  X  1.326  =  0.427,    and    x^  =  0.044  kilogram. 

This  weight  of  steam  has  been  formed.  If  in  this,  as  well  as  in 
the  previous  case,  we  had  used  more  decimal  places  and  cal- 
culated more  accurately,  we  would  have  found  that  the  same 
quantity  of  steam  was  formed,  as  in  the  case  of  pure  saturated 
steam  only  was  condensed. 
We  have  further 

Vi  =  x^u^  =  0.044  X  0.869  =  0.039  cubic  meter. 

If  the  pressure  still  falls  to  1  atmosphere,  we  have 

T2  =  0.314,    ^==1.438, 
0.427  =  0.314  +  1.438x2,    or    xj  =  0.0786  kilogram. 
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This  steam  has  been  formed,  and  there  is  left  1  —  0.0786 
=  0.9214  kilogram  of  water.  Here  also  we  should  have  just 
the  same  steam  weight  produced,  as  in  the  first  case  was  con-, 
densed. 

We  see  then,  that  when  there  is  more  steam  than  water, 
there  is  partial  condensation  during  expansion.  But  when 
there  is  only  water  in  the  beginning,  steam  is  formed  during 
expansion.  Hence  it  follows,  that  there  is  a  certain  propor- 
tion of  steam  and  water  for  which,  during  expansion  there  is 
neither  condensation  nor  vaporization,  or  at  least,  for  which 
during  the  first  period  of  the  expansion,  there  is  just  as  much 
steam  generated  as  during  the  second  is  condensed.  This 
mixture  can  be  determined.  Since  at  the  beginning  and  end 
of  the  expansion,  we  have  the  same  amount  of  steam  or  water, 

r  Vi 

^  +  ^^  =  ^1  +  ^?^, 


or 


0.  =  -^-^    ....     (XX7L) 
T        Ti 


If  we  assume  the  initial  pressure  at  4  atmospheres  and  the 
end  pressure  at  1  atmosphere,  we  have  for  x  almost  exactly  0.6 
kilogram.  We  must,  therefore,  have  to  start  with  as  much 
water  as  steam,  by  weight,  if  by  expansion  between  4  and  1 
atmospheres  there  is  to  be  at  the  end  the  same  steam  and 
water  quantity  as  at  the  beginning.  For  from  10  to  6,  and  6  to 
1,  and  1  to  ^  atmospheres,  we  have  respectiyely 

X  =  0.56,        X  =  0.50,        X  =  0.46  kilogram. 

The  mixture  ratio  does  not  vary,  therefore,  much  from  1  to  1. 

If  we  suppose  for  the  extreme  pressures  4  and  1  atmospheres, 
and  the  mixture  ratio  1  to  1,  that  is,  as  much  steam  as  water, 
by  weight,  the  adiabatic  curve  and  also  that  for  constant  steam 
weight  constructed,  both  curves  must  then  cross  at  the  begin- 
ning and  end  of  expansion,  Fig.  74.  Since,  further,  the  steam 
formed  during  the  first  half  of  expansion  is  small,  both  curves 
vary  but  little  from  each  other.    The  adiabatic  curve,  how- 
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eTer,  approaches  the  axis  Bomewhst  more  rapidly  than  the 
carve  of  constant  steam  weight  In  Fig.  74,  the  dotted  line 
is  the  adiabatic  carve  for  the  mixtare  ratio 
of  1  to  1  and  for  the  limiting  pressures 
of  4  and  1  atmospheres.  We  see  from  the 
preceding  how  complicated  is  the  phenome- 
non of  expansion  or  compression  adlabat- 
icallj  of  saturated  steam.  We  thoa  arrive 
at  the  following  general  resnlta 

{a.)  For  EXPASSION,  adtabatic: 

1.  1/  we  start  with  pure  saturated  steantf 
X    without  admixture  of  water,  steam  txmdaiaat 

during  expavmoTL 

2.  If  there  ts  more  steam  than  loater,  there  is 
also  amdejtsation. 

3.  If  there  is  more  toater  thaa  steam  to  staH 
vnth,  steam  is  general  during  expansion. 

(b.)  For  OQKFSEBSios,  adiabatic: 

l.Ifwe  start  vnth  pure  saturated  steam,  w&hout  admixture  <^ 
water,  it  wiS  be  superheated  by  compres^on, 

%  If  the  initial  steam  weight  is  greater  than  that  of  the  wcUer, 
steam  is  generated  by  the  compression. 

3.  If  there  is  more  water  than  steam,  steam  is  condensed  during 


Ccdadation  of  the  Outer  WorJc — Since  during  the  expansion  or 
compression  according  to  the  adiabatic  carve,  heat  is  neither 
imparted  nor  abstracted,  the  outer  work  performed  daring  ex- 
pansion must  be  at  the  expense  of  inner  work.  If  now  Uia  the 
inner  work  contained  b;  a  inixtnre  of  steam  and  water  be&we 
expansion,  and  Ui  that  after,  the  outer  work  is 

Hence  the  heat  disappearing  is 

Q=^AL  =  A(U-Ut). 
The  inner  heat,  which  is  equivalent  to  the  inner  work,  is 
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easily  calculated.    If  we  have  x  kilograms  of  steam  and  1  —  x 
of  water,  the 

X  kilograms  of  steam  contain ....         ^  (?  +  p)    h^fl't  units. 
1  -  a?         "  "  water      "      ....  (!-«)? 

The  mixture  contains a?(j  +  p)  +  (1  —  x)q  " 

or,  reducing, 

q  +  xp  heat  units. 

For  X  kilograms  of  steam  and  1  —  x  of  water,  we  have 

?i  +  ^fh  I^eat  units. 
Hence  the  heat  disappearing  during  expansion  is 
Qz=zAL  =  A{U-  J7,)=j  +  a?p-(3ri+ajip,)-    •    (XXYIL) 

where  x  and  Xi  are  the  steam  weights  at  beginning  and  end  of 
expansion. 

Example  1.— What  work  is  performed  by  1  kilogram  of  saturated  steam  at  4 
atmospheree,  when  it  expands  adiabaticaily  to  1  atmosphere  ? 

We  have  in  this  case  a;  =  1,  and  can  find,  as  on  page  489,  Xi  =  0.920.  Further, 
from  Table  II.,  we  have 

9  =  145.81,       and       p  =  461.6 
for  4  atmospheres,  and  for  1  atmosphere, 

Qi  =  100.5,        and       pi  =  406.8. 
Inserting  these  yalnes,  we  have 

Q  =  AL  =  145.81  -  100.5  +  461.5  -  496.8  x  0.920  =  49.7  heat  units,  and  hence 

X  =  424  X  49.7  =  21072.8  meter-kilograms. 

For  1  pound  we  have  9  =  261.558,  p  =  880.6928,  q,  =  180.9,  pi  =  898.84, 
Xt  =  0.920.     Q  =  89.47  heat  units,  L  =  69070.84  foot-pounds. 

ExAMPLB  2.— What  would  the  work  be,  if  to  start  with,  we  had  only  water 
and  no  steam  ? 

In  this  case  we  hare  0  =  0,  and  find,  as  on  page  442,  Xi  =  0.079,  while  q,  gi, 
p^  Pi,  are  as  before.    Hence 

iiX=146.81— 100.6+0.461.5-496.8  X  0.079=44.81-89.2=5.61  heat  units. 

i^  =  424  X  6.61  =  2878.6  meter-kilograms. 

For  1  pound  we  have  Xi  =  0.079. 

il&  =  261.658 -180.9 -898.84  x  0.079  =  10.084. 
i;  =  772  X  10.064  =  7784.86  ft. -Ibik 
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The  work  is,  therefore,  Terr  mach  less  than  before,  which  is 
easily  comprehended  from  the  fact  that  during  expansion  sieam 
is  formed  J  which  consumes  a  large  part  of  the  heat  of  the  liquid, 
so  that  the  temperature  and  pressure  decrease  more  rapidly 
than  before* 

Approximate  Formula  for  the  Adiabatic  Curve. — For  the  iso- 
thermal carve  for  steam  and  water  mixture,  we  can  easily  find 
the  volume  for  any  pressure  and  steam  weight  For  the  iso- 
dynamic  curve,  also,  we  have  given  an  expression  which  gives 
with  sufficient  exactness  the  relation  between  pressure  and  toI- 
nme.  Since  the  adiabatic  curve  is  of  especial  practical  impor- 
tance, it  is  desirable  to  find  for  it,  also,  such  an  expression, 
which  shall  furnish  us  with  a  simpler  and  less  tedious  method 
of  calculation. 

Bankine  found  that  the  law  of  the  adiabatic  curve  was  giyen 
by  an  equation  of  the  form 

P^  =  p^v^  =  p%vj^^  etc., 

where  m  =  1.11.  But  it  is  not  stated  by  Bankine  whether  this 
value  of  m  was  found  for  every  mixture  of  steam  and  water,  or 
only  for  a  certain  definite  proportion.  From  the  calculations 
given  by  Bankine,  the  first  appears  very  improbable,  and 
Grashof  has  pointed  out  that  this  value  is  too  small  for  pure 
saturated  steam  without  admixture  of  water.  He  shows  that 
in  this  case,  m  should  be  1.140.  The  preceding  calculations 
enable  us  to  determine  at  once  if  this  value  is  correct,  and  at 
the  same  time  show  that  the  value  of  m  given  by  Bankine 
answers  only  to  a  certain  definite  mixture,  and  not  to  all  others. 
From  the  equation 

^«=^t;«.  ....  (xxvnL) 

we  have 

m 


P.  =  (^ 

Pi      \vj ' 


or 

P 


m= ^ (XXDL) 
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Let  ns  take  the  example  on  page  439. 

Here  jp  =  4^Pi  =  l,  v  =  0.447,  and  Vx  =  1.520. 

Accordingly, 

Jog4__Jog4    ^0^602_..j3g 
^  " ,      1.520  "  log  3.39 ""  0.530  ~  ' 

^^80447 

a  yalne  which  agrees  perfectly  with  that  of  Grashof  if  we 
take  only  2  decimal  places. 

If,  however,  we  suppose  only  water  at  the  beginning  of  ex- 
pansion, and  find  m  for  the  case  of  the  example  on  page  442. 

Here      j>  =  4j>i  =  l,  v  =  0.001,  and  Vi  =  0.1312,  hence 

_]logJ      _     log4     ^0.602  _ 
^  " ,      0.13T2  ""  log  131.2  "  2.118  "^  "'^^ 

^^8-aoor 

It  follows,  then,  that  the  value  of  m  is  entirely  dependent 
upon  the  original  proportion  of  steam  and  water.  Zeuner  has, 
therefore,  calculated  m  for  different  mixtures,  as  follows  : 

iDlttal  Pre«ire  ^Inttjil  Spedflc^  p,^  ^^^^^  ,„  Atmosphewt. 

In  Atmospheres.           x.  0J(                     1                   8 

4              x  =  OM  m  =  1.124           1.127          1.180 

0.80  =  1.114           1.116           1.119 

0.70  =1.102           1.104          1.105 

a  « =  0.90  m  =  1.128  1.126 

0.80  =  1.114  1.117 

0.70  rr  1.108  1.104 

1  a;  =  0.90  m  =  1.122 

0.80  =  1.114 

0.70  =  1.108 

We  see  from  this  tabulation  that  the  value  of  m  depends 
upon  the  original  steam  quantity  x ;  That 

1st,  it  is  greater  the  greater  x  is. 

2d,  it  depends  upon  the  initial  and  final  pressures.  The 
greater  these  are  the  greater  is  m. 
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We  see  also  from  the  Table,  that  Kankine's  value  for  m  be- 
longs to  a  mixture  of  about  80  parts  steam  and  20  parts  water. 

The  dependence  of  m  upon  the  initial  and  final  pressures  is 
also  shown  by  the  following  tabulation  given  by  Zeuner,  in 
which  the  steam  is  assumed  to  be  at  first  pure,  without  admix- 
ture of  water.     The  table  also  gives  the  expansion  ratio  e. 


Initial  Preasare 

p  Final  Presrare  pj,  In  Atmospheres, 

in  Atmospheres. 


8 


2 


M 

1 

2 

4 

X  = 

0.854 

0.884 

0.918 

0.956 

6   = 

11.577 

6.236 

3.375 

1.834 

m  — 

1.132 

1.136 

1.140 

1.143 

X  = 

0.888 

0.921 

0.958 

e  = 

6.282 

8.390 

1.837 

m  = 

1.132 

1.135 

1.140 

X  = 

0.924 

0.960 

6  = 

8.409 

1.842 

m  = 

1.130 

1.134 

X  = 

0.961 

«  = 

1.848 

f»  = 

1.129 

We  see  from  this  that  for  the  same  initial  pressure  p,  tiie 
value  of  m  is  greater,  the  greater  the  final  pressure  pi.  We  see 
also  that  the  deviations  are  slight,  and  that  hence  we  can  take 
for  m  the  mean  value  m  =  1.134. 

The  expression  which  gives  the  adiabatic  curve  of  saturated 
steam,  originaUy  toithoitt  admucture  of  waJter^  is  therefore 


^^.184 _ p^^\  134  _  piV^-^^f  etc 


Hence 


or  the  expansion  ratio  e  is 


1 


V       \PiJ  \pi/ 
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Now  from  the  table  on  page  447,  we  see  that  for  the  same 
initial  pressure,  m  is  less  the  greater  the  water  weight  in  the 
mixture.  If  we  take  the  mean  of  those  cases  where  the  initial 
steam  quantity  is  0.90,  we  have  m  =  1.125. 

The  mean  for  x  =  0.80  is  m  =  1.115  and  for  x  =  0.70, 1.103- 
Hence  we  have, 

for  a;  =  1      m  =  1.135 

X  =  0.90 m  =  1.125 

X  =  0.80 m  =  1.115 

X  =  0.70 : . . .  .m  =  1.103. 

Zeuner  has  found  that  these  values  are  given  very  closely  by 
the  empirical  formuk, 

tn  =  1.036  +  0.100a?    .    .    •     (XXXL) 

Orashof  has  assumed  in  his  investigation  of  the  steam  en- 
gine, 7a  =  1.125,  a  value  which  corresponds  therefore  to  a 
mixture  containing  ten  per  ceni  of  water.  We  shall  refer  to 
this  when  speaking  of  the  steam  engine.  We  would  only 
remark  here,  that  the  steam  passing  from  the  boiler  to  the 
cylinder  has  always  a  certain  amount  of  water  suspended  in  it 
mechanically;  that  the  amount  of  this  water  depends  upon 
the  velocity  and  the  fierceness  of  ebullition  ;  that  also  in  long 
passages,  some  steam  is  condensed  and  carried  into  the  cylin- 
der. In  locomotives  the  water  weight  is  not  unfrequently  25 
to  30  per  cent 

The  indiccUor  diagra?n  of  the  steam  engine  confirms  rather  than 
oantradida  the  correctness  of  the  mechanical  theory  of  heat  If  we 
compare  the  indicator  diagram  of  the  steam  engine  with  the 
isothermal  curve  for  gases,  which  is  given  by  Mariotte's  law, 
we  find  that  this  curve  deviates  but  little  from  the  curve  of  the 
diagram.  It  has  thus  been  asserted  that  the  steam  in  the  cyl- 
inder of  a  steam  engine  follows,  during  expansion,  Mariotte's 
law,  pv  =  piVu  and  that  hence  the  conclusions  of  the  m^hanical 
theory  of  heat  must  be  incorrect  Properly  regarded,  the  con- 
trary is  the  case.    The  value  of  m  in  the  equation 
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approaohes  tinitj  more  nearly,  the  greater  the  qnantiiy  of 
water  and  the  greater  the  expansion.  As  the  steam  always 
carries  with  it  a  considerable  percentage  of  water,  m  cannot 
differ  much  from  1,  and  hence  the  indicator  curve  does  not 
vary  much  from  that  which  gives  the  law  of  Mariotte.  If,  for 
example,  we  refer  to  the  figure  on  page  438,  we  find  that  between 
4  and  1  atmospheres  and  for  20  per  cent,  of  water,  the  volumes 
are  nearly  inversely  as  the  pressures.  Thus  while  these  last 
are  4,  2, 1,  the  former  are  0.38,  0.71, 1.32. 

Work  of  Steam  Expanding  AdtdbaticdUy, — ^We  have  seen  in 
Part  L,  that  the  work  of  one  kilogram  of  air,  when  expanding 
adiabatically,  is 


^=A[i-(tn 


where  k  =  1.41,  and  the  equation  of  the  curve  is 

Since  our  equation  for  saturated  steam  has  the  same  form, 
we  have  a  similar  expression 

m  -1 


^=ii;^t-(?)"]--<^^^> 


If  we  compute  according  to  this  formula  the  work  during 
expansion  of  steam  for  different  initial  pressures  and  expansion 
ratios,  and  compare  the  results  with  those  given  by  the  for- 
mula on  page  431,  we  find  a  very  satisfactory  agreement  We 
will  show  this  by  an  example,  which  will  serve  at  the  same 
time  to  illustrate  the  use  of  the  last  formula. 


EXAKPLE. 

What  is  the  work  done  hj  1  kilogram  of  saturated  steam,  while  expanding 
adiabatically  from  4  atmospheres  to  1  atmosphere? 

Here  i?  =  4,  Pi=t  and  v  =  xu+  6=  0.448.    Hence  ^  =  0.25,  and  for 

•n.      1  n  mil 

,  we  have  t-to?  =  0.122.    Substituting  these  values  we  hare 
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4  X  0  447 
L  =  10384  X      Q^^     [1  -  (0.25)«-»«].    Now  log  (0.26y»"  =  0.122  log  0.26 

=  7.9266,  and   (0.25)«>«  =  0.845.    Hence    1  -  (0.25)«^i«  =  0.155.    Further, 

10884  X    ^  ^  ^'^'^  =  186408.    Therefore 

0,lo9 

L  =  186408  X  0.155  =  21148  meter-kilograms. 

The  corresponding  heat  is 

Q=AL=  Hl^  =  49.86  heat  units. 

On  page  445,  we  found  49.7  heat  imits,  a  very  close  correspondence. 

Zenner  has  investigated,  by  several  other  examples,  how  far 
the  results  of  the  present  formula  agree  with  those  given  by 
the  previous.  The  following  tabulation  gives  the  comparison. 
The  product  ALi  indicates  the  result  of  our  present  formula, 
and  AL  that  of  the  other,  while  e  is  the  expansion  ratio. 


loitial  Premnra 
in  Aimosphcros. 

Final  Preasure  Pi  in  Atmospheres. 

P- 

0.5 

1 

8 

4 

e  =  11.51 

6.247 

8.892 

1.842 

8 

AL,  =  94.90 

74.02 

51.35 

26.73 

AL-  94.93 

78.75 

61.01 

27.57 

e=  6.25 

8.892 

1.842 

4 

AL^  =  70.95 

49.22 

25.63 

i4/.=  71.14 

49.17 

25.53 

ez=   8.802 

1.842 

8 

ALt  =  47.19 
AL  =  47.40 

6=   1.842 

24.57 
24.59 

1 

ulZ,  =23.58 
AL  =  23.70 

We  see  that  the  values  of  ALi  and  AL  coincide  as  near  as 
can  be  desired.  We  may  therefore  make  use  of  the  approxi- 
mate formula  XXXII.,  in  calculating  the  work  of  expansion  in 
the  steam  engine.  This  we  shall  do,  but  we  may  give  it  a  more 
convenient  form. 
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m-l 


Thus  instead  of  (  — )        we  can  put  i — j        ,  and  there- 
fore 

As  already  remarked,  Grashof,  in  his  discussion  of  the  steam 
engine,  has  taken  m  =  1.125. 
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The  principle  that  in  every  reversible  cycle  process,  the  pro- 
duct   of    the 

highest      and  i% 

lowest  abso- 
lute tempera- 
tures is  equal 
to  the  product 
of  the  inter- 
mediate abso- 
lute tempera- 
tures, the  cor- 
rectness of 
which  we  have 
shown  by  an 
example  on 
page  252,  of 
Part  Ly  can 
be  proved  gen- 
ertJlj  in  an  elementary  manner. 

Let  A  A  and  AiAi,  Fig.  75,  be  adiabatic  curves;  TcTt  and 
TaT^  lines  which  follow  the  general  law 


or 


H  n 


Let  T  and  Ti  on  ^.^  be  the  absolute  temperatures  of  1 
kilogram  of  air,  and  Tf  T^  the  final  absolute  temperatures 
when  this  weight  of  air  passes  along  TcT^  or  TiaT^  Let  the 
curves  TdTand  T^gTi  be  isothermals. 
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If  we  put  now  for  w  and  i;  their  yalnes  from  (4)  and  (5),  we 
have 


V% 


(sr 


or 

P  =  ;^lognat(f)""'', 
or  finally, 

From  Equation  XLL,  page  200,  Part  L,  — ^^  c  is  the 
specific  heat  a  for  the  law  of  change 

Therefore  we  hove 

-P  =  -J  log  nat  2? (9)- 

This  is,  therefore,  the  heat  weight  for  the  path  TcT^, 

We  can  thus  find  the  heat  weight  for  any  transference  of  a 

body  from  one  condition  to  another,  if  we  know  the  initial  and 

final  temperatures  as  well  as  the  specific  heat  for  such  transfer. 

If  the  initial  temperature  is  ^,  and  the  final  ^^i  then  T  =  273  +  t 

and  T^  =  273  +  <2,  so  that 

„       B  ,         .  273  +  <l| 
^  =  2*^*8^*  273TT- 

'  If  we  change  the  condition  T^^  pi^  v^  along  the  same  eorve 
^acTinto  the  condition  TfP^  v,  by  abstracting  heat^  the  heat 
weight  abstracted  is 

^  log  nat  -^ 
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If  ThNiB  another  curve,  which  has  the  same  initial  point  Ty 
and  whose  end  lies  in  the  adiabatio  A^Ai^  then,  if  the  change  of 
condition  follows  this  curve,  for  which  the  specific  heat  is,  say 
8u  and  the  final  temperature  7^4,  we  have 


P  =  |lognatp. 

Since  ^  is  on  the  adiabatic  curve  A^Ay^  the  heat  weight 
added  along  TcTt  is  the  same  as  that  along  ThN,  and 

-J  log  nat  ^'  =  -J  log  nat  -^, 

"^ 

Therefore,  when  a  body  passes  from  the  same  initial  oondiUon 

into  different  finid  couditions^  the  heat  weight  imparted  is  ciways  the 

samey  if  these  fmcd  dates  are  in  the  same  adiaiatic 

On  page  177,  Part  L,  we  have  seen  that  the  heat  Q  and  Qi, 

which  must  be  imparted  to  a  body,  when  passing  by  different 

isothermals  from  one  adiabatic  to  another,  are  as  the  abso* 

lute  temperatures  T  and  Ti.    Hence 

9.^9l       nr       J?--  A 

T'^  T,  AT  ^  ATt^  • 

That  is,  the  heat  weights  are  equal    If,  now,  TiaT^  is  a  curve 

It  n_ 

whose  law  is  pv^  =  p^Vi^  =  etc.,  that  is,  if  it  is  a  curve  of  the 
same  kind  with  TcTz,  we  have  again 

A.    or    5  1ognat^  =  i^lognatg. 

For  since  the  curve  TiaT^  is  of  the  same  kind  as  TcT^  we 
have  the  same  specific  heat  s. 
Since  now 

▼6  have 

^  log  nat -J?  = -J  log  nat  ^i  .    .    .    (10). 
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From  this  equation  we  have 


2\      T  ' 


or 


T^T:=T^Tu 


and  this  is  the  principle  already  dednoed  in  Part  L  for  a  spe- 
cial case. 
If  in  the  cycle  process,  TcT^t,  T^T^  T^T^y  TxT,  we  consider 

the  heat  weight  imparted  on  the  way  TcT^  that  is,  -^  1<%  i^ 

T 

■j^ ,  as  positive,  and  that  abstracted  on  the  way  T^aT^  yiz., 


B 


T^ 


-^  log  nat  y^ ,  as  negative,  we  can  say  that 

xL  JL\ 

In  every  reversible  ctfde  process  the  cHgAraic  sum  cf  the  heat 
ioeighis  is  zero. 

We  have  thus  far  spoken  only  of  such  reversible  cycle  pro- 
cess as  are  inclosed  by  four  carves.  We  may  have  a  process 
composed  of  three,  or  more  than  four  lines.  One  of  more  than 
four  lines  is  called  compound.    In  Fig.  75,   TcTfT^TdT  is  a 

cycle  process  of  only 
three  lines.  In  such  a 
process,  also,  the  heat 
weight  imparted  is  equal 
to  that  abstracted.  For 
the  heat  weight  on  the 
way  TdT  is  equal  to  that 
on  the  way  TcTt, 

Since  we  shall  have 
frequent  occasion  to 
speak  of  "heat  weight," 
let  us  by  some  examples 
X  endeavor  to  get  a  dear 
idea  of  it. 

Suppose  in  a  cylinder 
the  unit  of  weight  of  air  of  the  volume  t;,  and  absolute  temper- 
ature T^  and  pressure  jt>,  Fig.  76,  and  let  us  heat  this  air  under 
constant  volume  t;,  until  the  pressure  is  ih  and  temperature  Tj. 


Fio.  76. 
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The  heat  weight  imparted  is 

3- log  nat^, 

where  c  is  the  specific  heat  for  constant  volume. 

Now  let  the  air  expand  under  constant  pressure  py^  until  the 
volume  is  v^  and  temperature  T^    The  heat  weight  added  is 

^log  nat-^% 

where  cTc  is  the  specific  heat  for  constant  pressure. 

The  sum  of  the  heat  weights,  during  the  change  of  condition 
from  jp,  t7,  Tio  Vi,  joj,  T^  is  then 

■J  log  nat  ^  +  -J  *^8  ^**  Y  • 

We  should  have  to  add  the  same  heat  weight  when  the  air 
is  brought  in  any  other  way  from  the  initial  condition  p^  v,  T 
to  jpi,  Vu  T^  For  if  we 
suppose  an  adiabatic 
through  T],  as  AA^  the 
heat  weight  from  7^  to  c 
is  the  same  as  from  T  to 
Ti,  and  from  T^  to  c  the 
same  as  from  T^  to  Tx* 
Hence  the  sum  along  Tc 
and  cTa  is  equal  to  that 
along  TTx  and  Ti  JV 

Again,  let  Os,  Fig.  77, 
be  the  specific  water  vol- 
ume (volume  of  1  kilo- 
gram of  water)  at  0°.  Let  8 A  be  the  pressure  of  the  steam 
at  0"^.  Let  now  the  water  be  heated  until  the  temperature 
has  risen  to  f^  and  at  the  same  time  let  the  pressure  be  so 
increased  that  at  every  instant  it  is  equal  to  the  steam  press- 
ure which  vx)vld  exist  toUhout  this  outer  pressure.  Then,  if  the 
mean  specific  heat  of  the  water  between  0''  and  T  is  denoted  by 
C|  we  have  for  the  heat  weight  imparted 


Fie.  77. 


C 


„      ,,  ,  .  <  +  273       c  ,  .    T 

P  =  2lognatj)^^3=2lognat273. 
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If  now  we  suppose  the  pressure  constant  and  heat  the  water, 
then,  as  we  know,  steam  is  formed  at  constant  temperature  L 
If  after  a  certain  time  a  certain  volume  of  steam,  SD^  is  formed, 
the  line  BC  represents  the  law  of  change.  This  line  is  the 
isothermal  line  therefore  of  saturated  steam,  because  it  gives 
the  relation  between  volume  and  pressure  for  canstard  tempera- 
ture.   If,  then,  the  amount  of  heat  imparted  from  J3  to  C  is  Qj 

we  have  for  the  heat  weight  -jyp  where  T is  the  constant  abso- 
lute temperature.  This  heat  Q,  is  the  latent  heat.  When  the 
water  is  evaporated  at  WOP  it  is  537  heat  units  per  kilogram. 
If,  then,  SD  =  BG  represents  the  volume  of  only  one  half  of  a 

637 
kilogram  of  steam,  Q  would  be  -^-  =  268.5  heat  units,  and  the 

heat  weight  imparted  is 

268.6       424  x  268.5 


AT  100  +  273 

Hence  to  form  from  water  at  0^,  in  the  manner  described^ 
a  certain  volume  of  saturated  steam  of  f^  requires  the  heat 
weight 

c  ,  TO 

-^lognatg^g  +jjy. 

If  we  suppose  the  vaporization  had  taken  place  according  to 
the  law  represented  by  AcC,  the  heat  weight  imparted  is  still 
the  same.  For  if  we  pass  through  B  an  adiabatic  AiAi,  we 
have  for  the  heat  weight  from  ^  to  c  the  same  value  as  from  A 
to  B^  and  from  cto  G  the  same  value  as  from  Bio  G.  If  far- 
ther, AGi  is  parallel  to  OX,  then  AGi  is  the  isothermal  for 
vaporization  at  0".  The  heat  weight  imparted  from  ^  to  Ci 
must  be  equal  to  that  from  A  to  J?,  or  Ji  to  c 

If  -4.Ci  =  SDi  represents  a  volume  whose  weight  is  x%  kilo- 
grams, and  if  the  latent  heat  of  vaporization  is  r^,  then  the  heat 
weight  imparted  from  J.  to  Ci  is 

J.  X  273  • 
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We  have  then 


or 


clognat  2f3=gJ. 

Sinoe  c  is  known  and  ri  can  be  found  for  every  temperature, 
we  can  find  from  this  equation  x^  for  every  value  of  71 


QT7ESTI0IIB  FOB  EXAMINATION. 

What  Is  an  fsothcrmal  cnnre  f  What  la  the  form  of  this  cnrve  for  eatnnted  ateam  ?  nefine 
what  la  meant  by  saturated  steam  ?  What  effect  has  the  addition  of  heat  to  a  miztnre  of  water 
and  Btcam.  when  the  pressure  is  constant  f  If  saturated  steam  is  compreased  while  the  tempera^ 
tore  is  kept  constant,  what  happens  ?  What  is  the  expression  for  the  outer  worlc  dating  iso- 
thermal expansion  f  What  for  the  heat  added  f  What  does  u  denote  in  our  notation  ?  What  ia 
specific  volume  of  steam  ? 

Wliat  IS  an  teodyiiamic  curve  ?  Make  out  its  equation  for  steam.  Show  how  to  consttmct  iu 
When  water  and  steam  expand  isodynamically  what  takes  place  ?  What  ia  the  ooter  work 
during  expansion  r    What  is  the  heat  imparted  f 

What  ia  an  adiabatic  curve  ?  Make  out  its  equation  for  ateam.  Show  how  to  conatmct  it 
In  adiabatic  expansion  of  saturated  steam,  if  there  ia  no  water  at  the  beginning,  what  takes 
place  ?  If  there  is  more  steam  than  water,  what  takes  place  1  Does  thla  mean  more  by  volume  or 
by  weight  t  If  there  is  more  water  than  steam,  what  takes  place  ?  In  adiabatic  compression,  if 
there  is  no  water  at  the  beginning,  what  takes  place  ?  If  the  initial  steam  wefght  is  greater  than 
that  of  the  water,  what  takes  place  ?  If  there  Is  more  water  than  steam,  what  takes  place? 
What  is  the  expression  for  the  outer  work  ?  What  for  the  heat  ?  What  is  the  form  of  the 
equation  for  the  adiabatic  curve  for  saturated  steam*  What  is  the  value  of  the  exponent  fcxr 
dry  steam  alone  ?  What  for  QM  per  cent,  ateam  ?  For  0.80  per  cent  ?  0.70  per  cent.  ?  What 
Is  the  general  eqnation  which  gives  the  value  of  the  exponent  for  any  percentage  of  steam  f 
What  does  the  indicator  diagram  seem  to  show  as  regards  the  adiabatic  curve  of  saturated 
« steam?  What  is  the  expression  for  the  work  of  saturated  steam  expanding  adlabatically  ? 
What  for  the  heat  ?  What  two  formnle  have  we  then  for  this  work  7  Do  these  agree  in  their 
results? 

Can  you  prove  generally  that  in  every  reversible  cycle  process  the  product  of  the  highest 
and  lowest  absolute  temperatures  is  equal  to  the  product  of  the  intermediate  absolute  tempera- 
tores  ?  What  do  you  understand  by  heat  weight  ?  What  is  the  specific  heat  for  any  law  of 
relation  of  pressure  and  volume  ?  What  is  the  general  expression  for  the  heat  weight  ?  If  a 
body  passes  from  the  same  initial  condition  Into  different  final  conditions  upon  the  same  adiar 
batic.  what  is  the  relation  between  the  heat  weights  imparted  ?  In  every  reversible  cycle  process, 
what  is  the  algebraic  sum  of  the  heat  weights  ?  What  Is  a  cycle  process  ?  When  is  it  reversible? 
When  simple?   When  componnd  ?   When  complete  ?   When  Incomplete  ? 


APPLICATION  OF  THE  CALCULUS  TO  SATURATED 

STEAM. 


Ths  relation  between  the  pressure  and  temperature  of  satoxated  steam  is 
giyen  bj  the  empirioal  formula  of  Begnault, 

logp  ^a+ba'  +  e/r, (1) 

where  r  =  t  —  U. 

In  this  equation  a,  h,  c,  a,  and  /3  are  constants,  the  yalnes  of  which  hare 
been  determined  by  Begnault  for  various  steams.  The  logarithm  is  the  common 
logarithm,  the  pressure  j)  is  in  millimeters,  /  is  the  temperature  Centigrade,  and 
^0  is  a  constant  given  by  Begnault.  We  have  already  given  the  values  of  these 
quantities  for  water  in  the  text,  page  88& 

In  the  application  of  the  Calculus  we  shall  find  it  necessary  to  know  not 
only  the  relation  of  the  pressure  to  the  temperature,  but  also  the  relation  of 

^  to  the  temperature. 

This  we  can  easily  determine  from  equation  (1).  Thus,  if  we  multiply  both 
sides  by  the  natural  log  of  10,  or  3.802585098,  which  we  denote  by  k,  we  have 

nat  log^  =:ka  +  kba^  +  ke/f, 

IMfEerentiate,  remembering  that  r  =  t  —  <o»  where  ^o  is  a  constant,  and  we  have 

-^  =  Jtft  nat  log  a  X  a^  +  ifco  nat  log  /5  x  yJ^ 

or  replacing  nat.  by  common  logarithms, 

^  =(mioga)  a"  +  {k'clogff)/r 

Since  the  constants  h,  e,  a,  and  fi  are  known  for  different  steams,  we  can 
calculate  the  coefficients  of  a^  and  fT.    Denote  them  by  m  and  n,  eo  that 

m  =  if  6  log  a,         and  n  =  k*c  log  fi, 
and  we  have 

^  =  ««'  +  n/r (8) 

We  give  in  the  following  Tables  I.  and  II.,  the  values  of  a,  log  (6a^  and  I(^ 
(e/T)  for  equation  (1),  and  of  log  {md^  and  log  (n/f)  in  equation  (2)  in  terms  of 
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the  temperature,  for  various  steams,  as  giTen  by  Begnault^s  values  for  the  oon- 
stants.  This  makes  it  necessary  to  give  also  the  signs  to  be  prefixed  to  each  of 
the  terms  on  the  right  side  of  equations  (1)  and  (2). 

By  the  aid  of  these  Tables  we  can  calculate  for  rarious  steams  the  values  of 

—^  and  then  multiplying  by  the  corresponding  Talnes  of  p,  we  obtain  -^. 

We  thus  find  the  values  given  in  the  Tables,  pages  479  to  488. 

TABLB  I, 

FEISSUBB  Zir  MILLIMBTRBS,  TEMPBBATUBB  CBHTIGKADS. 


log 

P- 

=  a  +  ha^  +  o/JT". 

Batorated  itMmof 

Valne  of 
a. 

Sign 
before 

Valuea  of 

« 

bcJ 

i 

lo%{U^ 

(lOfCc^^ 

-—  ^     j  0—100* 

4.789S707 
6.3640848 
6.0286298 
6.4662028 
6.8086419 
6.2268893 
12.0962381 
6.4011662 
6.6640459 
6.6771989 

•l'0.6117408  -  0.008S7446» 

+0.6C08128-0.001666188/ 

•|.0.4414817-0.006122» 

•l'0.689a'X)l~0.0U2914« 

•1-0.5812766 -0.008614» 

4^0.6819946-0.0086666/ 

•I-0.9650688-O.00Q888M 

4-0.4918860~0.008287« 

•1-0.8890906-0.0018488/ 

•I-O.217&869-0.006S91U 

- 1.8680008  -1-0.006864967/ 

WMflT'  100-200? 

•»-0.02Qr601  -0.00606078/ 

Bther  (C4H..O) 

Alcohol  (C«H.O) 

-8.3497080  •I-0.014677&/ 
-2.4949626  -  a0590615/ 

AoetODe  (CiBaO) 

-0.9645828  -aOB1660e/ 

Chloroform  (CuCl,) 

Chloride  of  Carbon  sfiCi^s . 
Btoolphide  of  Carbon  (CS,) 
Mercory 

-0.9111888-0.0181884/ 
■1-0.1964744-0.0060880/ 
-0.7800668-0.0088008/ 
-0.4179606—0.0119068/ 

Carbonic  Acid. 

-018946481-0.0089604/ 

For  the  presgwrt  p  in  inehu  and  temperature  Fiilvrenkeit,  simpliy  tubiraet 
1.4048299 /rom  a,  and  ptU  i  {t^  ^)  for  L 


TABLB  IL 

-^  =  md'  -f  n/f. 
ptU 


Satarated  Steam  of 

S!sn 
before 

Values  of 

mmf 

"^ 

log<m«^. 

logO^^'). 

^•*^Uoo-aoo. 

Bther 

+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

+ 
•f 
+ 
+ 

-1.1486877-0  008274468/ 

-1.8971597-0.001656188/ 

-1.8896624-0.0081228/ 

-1.1720041-0.0029148/ 

-1.8268585-0.0026148/ 

-1.8410180-0.0025856/ 

-1.8611078-0.0002880/ 

-1.4889778-0.0022872/ 

-1.2917974-0.0012488/ 

-1.8844869-0.0052911/ 

-8.8069414 -f  0 .  006864987/ 
-  1.48U2898-0.005950708/ 
—4.4616896  +  0 .  0145775/ 

AloohoL 

—2.9992701-0.0590515/ 

Aeetone 

-1.9064582—0.0215592/ 

Chloroform 

Chloride  of  Carbon 
Bisulph.  of  Carbon 

Mercury 

Carbome  Add 

-2.0667124-0.0181824/ 
-1.8812195-0.0050220/ 
-2.0511078-0.0088008/ 
-1.6177651-0.0119068/ 
-1.7181890-0.0069594/ 

For  EngUeh  unite  and  temperature  in  Fahrenheit  degreee,  add  0.2552725 
to  the  first  term  in  both  eolumne  and  put  i  {t  —  82)  in  place  oft 
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An  dn 

As  the  YalueB  of  -^  and  ~  lie  at  the  basis  of  forther  oakmlation,  ve  inSl 

pdt  dt 

illustrate  how  to  find  them  bj  a  few  examples. 

id 


Suppose  we  wish  to  find  the  value  of  ^>&nd  -~  and  p  for  saturated  steam 


of  acetone  at  the  temperature  100"  Centigrade. 
From  Table  I.,  we  haTB 

log  (6aO  =  +  0.6812766  -  0.0026148«  =  0.2607966^ 

log  {e/T)  =  -  0.9645223  -  0.0215592^  =  -  8.1204422  or  4.8795578. 

Hence  &a'  =  1.8612165       and       e/r  =  0.0007578. 

Since  a  =  5.8085419,  we  have,  taking  the  proper  signs  from  the  TaUe» 

logi>  =  6.8085419  -  1 .8612155  -  0.0007578  =  8.4465686, 
or  p  =  2796.2  millim. 

If  we  wish  the  pressure  p  in  inches  for  212*'  Fah.,  we  have 

logi?  =  8.9087120  -  1.8612155  -  0.0007578  =  2.0417887, 
or  pz=  110.08  inches. 

For  the  value  of  —^  in  French  units,  we  have  from  Table  IL, 

pcU 

log  (maO  =  -  1.8268585  -  0.0026148/  =  -  1.5888885  =  2.4116665, 
log  {n/f)  =  -  1.9064582  -  0.0215592/  =  -  4.0628782  =  5.98762ia 

Hence  ma^  =  0.025802,        n/f  =  0.00008662, 

and  -^,-  =  0.025802  +  0.00008662  =  0.025888. 

pat 

Multiply  this  by  2796.2  and  we  have  ^  =  72.891. 

In  this  way  the  values  of  -^  and  ~  in  the  Tables,  pages  479  to  488,  arefoimd 

and  tabulated  once  for  all,  for  future  use. 

If  we  denote  the  specific  heat  of  any  liquid  by  e,  the  amount  of  heat  dq  in- 
quired to  raise  the  unit  of  weight  by  the  amount  dt  is 

do 
dqz=e  dt,       hence <>=^ (Q 

Now  the  heat  of  the  liquid  q  has  already  been  given,  page  890,  on  the  beais 

dq 
of  Begnault's  experiments.     We  have  then  only  to  differentiate  and  find  ^ 

to  find  the  aotual  speoiflc  heat.    The  values  of  TTand  r  have  also  been  given 
already,  page  892. 

By  the  aid  of  our  fundamental  equations,  page  212,  we  can  now  easfly  deto^ 
mine  the  outer  latent  heat,  Apu, 
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Thns  if  we  have  a  unit  weight  of  mixture,  of  which  x  kilog.  are  steam  and 
X  —  x  liquid,  we  have  for  the  volume 

«  =  icw  +  <^ (4) 

If  we  impart  under  constant  pressure,  and  therefore  constant  temperature,  the 
heat  dQ,  an  amount  of  liquid  dx  is  converted  into  steam,  and  hence  (page  qoo), 

dQ^rdx. 

If  we  differentiate  (4)  under  the  assumption  that  the  temperature  ^,  and  hence 
«,  is  constant,  we  have 


hence 


dv  =  Mdx,        or  dx  =  -=-, 

du 


dQ  =  ^di> (6) 


But  we  have  from  our  fundamental  equations  (page  212), 

dQ  =  A  [Xdp  +  Ydv], 

dQ  =  -T3Tr[^^  +  («  +  0  ^l 

(?) 

Since  the  temperature  and  pressure  arc  constant,  dp  =  0,    di  =  0,   and 

A  (a  +  is 
dQ  =  ATdv,    OT dQ=     I         '  dv. 

These  equations  are  identical  with  (5),  hence  we  have 

^F=- (6) 

and 

r      A{a-\-t)     AT 
u"      d£      "  dt^      '     '        '     '    ^ 
dp  dp 

The  first  equation  gives  the  value  of  the  function  T  for  steam  and  liquid 
mixtures.     The  second  equation  gives  us 

E=^^S <« 

If  we  put  for  r  its  value  p  +  Apu,  we  have 

^<^t-l') w 

Now  r  and  p  are  the  total  latent  heat  and  the  inner  latent  heat  for  a  unit  of 
weight,  and,  diarogarding  the  very  small  volume  of  the  liquid  as  compared  with 
30 
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the  steam,  u  is  the  Tolnme  of  the  unit  of  weight.    Therefore  -and- express  the 

^       tt 

total  latent  heat  and  inner  latent  heat  per  unit  of  volume. 

Since  we  haye  already  seen  how  -^  can  be  calculated,  we  can  calculate  —  and 

^  from  (8)  an'd  (9)  by  making  use  of  the  yalnes  of  -~  already  foond.     We  thus 
obtain  the  yalnes  of — in  Tables,  pages  479  to  488. 

Haying  now  the  yalnes  of  —  and  knowing  r  (page  ^Z\  we  haye 

r 


(=)■ 


and  we  thus  obtain  the  yalnes  of  «  as  giyen  in  column  10  of  the  steam  TiJdes  it 
the  end  of  this  work. 

If  we  diyide  equation  (8)  by  Ap  we  haye 

^=^^ <»«> 

dp 
As  we  haye  already  found  and  tabulated  the  yalnes  of  -^  we  haye  only  to 

multiply  by  T  to  obtain  the  yalnes  of  jT-^in  tables,  pages  479  to  488. 
We  haye  also  tabulated  the  reoiprocids  of  these  yalues 

Apu 
^        r 

and  giyen  them  in  Tables,  pages  479  to  488. 

Eyidently  we  haye  only  to  multiply  these  yalues  by  r  (page  393),  to  obtain 
the  ralue  of  Apu  as  giyen  in  column  7  of  the  Steam  Tables  at  the  end  of  this 

work. 

We  may  a!so  find  Apu  =  r  ^  pj  directly  in  terms  of  the  temperature  from 
the  experimental  yalues  of  r  and  p  already  giyen  ♦  (pages  893  and  895).    Thw, 

Water 4pt«=81.1    +0.096^     -  0.00002<»     -O.OOOOOOW. 

Ether Apu  =  7.46  +  0.03747<  -  0.0001854/*. 

Acetone Apu  =  8.87  +  0.0618W  -  0.0003845<*. 

Chloroform Apu  =  4.56  +  0.01797*  -  0.0000867f". 

Chloride  of  Carbon Apu  =  8.43  +  0.0167K  -  0.0000546<*. 

Bisulphide  of  Carbon. . .  .Apu  =  7.21  +  0.0252«  -  0.0000918^. 

where  /  is  the  temperature  in  degrees  Centigrade. 

To  reduce  to  English  units  and  Fahrenheit  degrees,  multiply  the  first  term 

•  Th«  values  of  p  giyen  on  page  9K,  are  determined  from  the  Talnes  of  p  giyen  in  cotmnn  9 
or  the  Steam  Tablea  at  the  end  of  tbla  work.  Theae  ralaes  are  found  bj  anbtnctlqg  the  tiIoM 
of  Apu  in  oolnmn  (7)  from  the  yalneaof  r  in  colnmn  <^ 
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on  the  right  by  1.8,  divide  the  third  by  1.8,  and  the  fourth  (in  the  case  of 
water)  by  8.24     The  second  term  remains  unchanged.     Put  {t  —  8d)  in  place 

These  formnln  give  results  agreeing  almost  exactly  with  the  tabular  yalues, 
a  result  most  satisfying  when  we  recall  tho  multitude  of  eiperiments  and  the 
extensiye  calculations  by  which  the  tabular  values  were  obtained. 

From  our  fundamental  equations  (page  212),  we  have 

dQ:=^A(Xdp^  Tdv), 
dU=z  Xdp  +  Zdv, 

where  the  functions  T  and  Z  are  connected  by  the  relation  Z  +  p=:  F. 

We  have  just  found  by  equation  (6)  for  steam  and  liquid  mixtures  AT=-^, 
henoe 

AZ=^  ^Ap, 
or  putting  for  r  its  value  p  +  Apu, 

^^=i ao) 

which  givea  us  the  value  of  the  function  Z  for  steam  and  liquid  mixtures.  Be- 
f erring  to  the  values  of  r  and  p,  we  see  that  both  Fand  Z  are  functions  only  of 
the  pressure  or  temperature,  and  are  independent  of  the  volume. 

We  found  the  same  result  for  permanent  gases  (page  218).     There  we  found 


AY^^p,        ^dAZ^jp. 


These  give  -^  =  -^  =  Af, 


F      e. 


and  the  value  of  k  for  the  permanent  gases  was  constant.    If  we  should  make 
the  same  aasumption  for  steam  and  liquid  mixtures  we  should  have 


T      «  « 


ir=-r=T77di^ — r- = * = oonrtwt, 


r^^s-i') 


and  henoe 

pdt       k-^l 

Now  we  see  from  our  Tables,  pages  479  to  488,  that  this  is  not  true  for  any 
steam.  The  assumption  therefore  must  be  rejected  that  saturated  steam  behaves 
like  a  gas. 

The  density  of  steam  or  the  weight  of  a  cubic  unit  is  found  by 

We  thus  find  the  values  otyia  column  11  of  Table  II.  at  the  end  of  this  work. 
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FUNDAMENTAL    EQUATIONS    FOB    STEAM    AND    LIQUID    MEXTUBEi. 

In  a  unit  of  weight  of  mixture  of  steam  and  water,  consisting  of  x  kilog.  of 
flteam  and  (1  —  ss)  water,  the  inner  work  is 

or  differBntiating, 

A  dU  =z  dq -^  d(xp) (13) 

The  corresponding  heat  imparted  is 

dQ  =  dq  +  d{xp)  ■¥  Apdv      ...    (18) 
and 

9  =  0^+6 (14) 

We  can  pnt  equation  (18)  in  varioas  forms  bj  the  aid  of  (14)  according  as  we  pnt 
for  V  its  value  in  terms  of  x  or  for  x  its  yalue  in  terms  of  o,  and  according  as  ^ 
express  q  and  p  in  terms  of  i  or  of  p. 

FiBST  TftAHsroKMATioH.—From  (14)  we  have 

«= . 

u 

Substituting  in  (18) 


dQ=zdq-^d\  ^(v-d)     +  Apdii, 


Differentiating,  regarding  q  and  —  as  functions  of  jp,  we  have 

Putting  p  =  r  —  Apu 

Comparing  this  with  the  general  equation,  page  212, 

dQ  =  A(Xdp+  Tde), 


•     • 


(15) 


we  have 


or 


and 


dp        dp  \u )        dp\yk) 


•     •     • 


.  .  m 


AY=- a?) 

« 
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This  last  result  we  have  already  found,  page  465.      We  may  pat  for  -=^, 

dp 

^ ,  where  the  value  of  the  specific  heat  0  =  ~  is  easily  found  from  the  ecjuation 

dn 

for  g,  page  800,  and  ^  we  have  already  found  and  tabulated.-   From  equation 

SiooND  T&ANSFO&MATiON.— From  (14)  we  haye 

dv=:d  (xu)t 
and  henoe 

Ap  dn  =  Ap  d  (jBtc), 

or 

Apdo  =  Ad  (pux)  —  AsBU dp. 
Substitute  this  in  (18)  and 

dQ  =  dq  •\-  d {xp)  +  Ad (jmx)  —  Axu dp. 

Put  r  —  p-^-  ApUy       and  from  (l)AsDudp^  -=•  (ft, 
and  we  have 

T 


dQ  =  dq-^d{xr)^%dt, 08) 


which  may  also  be  written 

do  r^dn  M  Td  . 

T 

Thikd  T&AirsFOUiATiON.— If  we  put  in  (18X  edtioidq  we  haye 


^Q^^-^Td^ (19) 


dQz=zcdt  -^  rdx  +  xdr^-jfdt, 
or  adding  and  subtracting  xe  dt. 


d§  =  (1 -a:)  ccft  +  rcte  +  «^c  +  ^  - -^^  <«. 
If  we  denote  the  term 

by  hy  where  h  is  eyideutly  a  function  of  i  only,  we  hare 

dQ  =  (l^x)cdt-^rdx  +  xhdi     ...    (80) 

The  term  (1  —  a;)  e  di  giyes  that  portion  of  the  heat  which  goes  to  raise  the 
temperature  of  the  liquid.  The  heat  to  generate  the  steam  iardx.  The  last 
term  xh  di  represents  then  the  heat  imparted  to  the  steam  beyond  what  is  neces- 
sary to  heat  the  water  and  generate  the  steam.  For  one  unit  of  weight  this 
amount  is  A  (ft. 
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The  quantity 

*  =  ''  +  J-T <^) 

is  then  analogous  to  spedflo  heat»  and  gives  the  amount  of  heat  which  must  be 
imparted  to  the  unit  weight  of  steam  in  order  that  when  the  temperature  iB 
raised  dt^  it  ehetll  Mill  be  in  the  saturcUed  condition. 

In  appljring  these  equations  it  must  be  remembered  that  they  only  hold  good 
when  the  change  of  state  is  reyersible,  or  when  the  steam  tension  and  outer 
pressure  are  always  equal.  If  during  the  change  the  outer  pressure  is  differeDt 
from  the  steam  tension,  we  must  have  recourse  to  equations  (12)  and  (18). 

It  remains  only  to  show  the  form  which  the  two  fundamental  equations  L 
and  II.,  given  on  page  213,  take  for  steam  and  liquid  mixtures,  and  to  show 
that  they  are  confirmed  by  the  preceding. 

The  first  fundamental  equation  I.,  page  212,  is 

—  -^  =  1 
dp       dv  ~~   ' 

Equations  (16)  and  (17)  give  T  and  X,    Differentiating  we  have 

dp      A  dp\u  J  dv       A  dp\u  J 

Put  r  =  p  +  Apu  and  subtract,  and  the  difference  is  unity  as  the  fiist  fonda* 
mental  equation  requires. 

The  second  fundamental  equation  II.,  page  212,  is 


a  4-  / 


-<V)-<t)- 


Since  for  mixtures  of  steam  and  liquid  the  temperature  is  a  function  of  the 
pressure  only,  and  is  independent  of  the  volume, 


and  hence 


i=* 


r=(.*,§  =  r* 


Put  for  Fits  value  from  eq.  (17),  and  we  have 

u  di 

The  second  fundamental  equation  takes  then  the  same  form  as  we  have  already 
deduced  in  equation  (8). 

I80THEBMAL    AND    ISODYNAMIO    OUBYES    AND    GUBYB    OF    OONSTAKT 

STEAM    WEIGHT. 

Since  when  the  pressure  is  constant  the  temperature  of  saturated  steam  is  also 
constant,  the  isothermal  becomes  a  straight  line.  Also  the  functions  of  the 
temperature,  «,  q,  p,  and  r  are  constant. 
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The  outer  work  performed  daring  expansion  from  Oi  to  o,  is 

or  nnce  v  =  SDU-k-  6,       and  Vt  =  XiU  +  tf, 

Z=i>u(af-a;i). (21) 

The  change  of  inner  work  from  equation  (12)  is,  since  dq=sO  and  p  is  con- 
stant, 

U-'Ui=^(x-Xi) (22) 

The  heat  which  must  be  imparted  daring  expansion  is 

Q  =  A(U-Ui +L)  =  {p-^Apu)(X'-Xi)=zr(x-Xi).    .    .    (28) 

If  we  suppose  the  expansion  to  continue  until  all  the  liquid  is  oonrerted  into 
steam,  we  have  simply  to  put  «  =  1  in  the  preceding  f ormulie.  If  heat  is  im- 
parted after  this  point  is  reached,  so  as  to  keep  the  temperature  constant,  the 
steam  is  superheated  and  the  curve  is  different. 

For  the  isodynamic  curve  we  have  dU=0,  and  therefore  equation  (12)  be- 
comes 

dq+  d(xp)  =  0, 
or 

5'  —  gi  +  «p  —  Xipi  =  0 (24) 

Combining  this  with  v^xu  +  6  and  Vi  =  XiUi  +  6,  we  can  find  for  any  given 
pressure  p  the  corresponding  volume  v.  Thus  if  the  initial  conditions  Xi  and  ^1 
are  given,  we  know  at  once  pi  and  t/i,  and  can  find  Vi.  Then  for  any  other 
pressure,  pi,  we  cau  find  /,  u,  q,  and  p,  and  from  (24)  can  find  x,  and  then  e. 

Solving  a  number  of  cases  in  this  manner,  2^uner  has  determined  that  for 
all  the  steams  given  in  our  Tables,  if  a  mixture  of  steam  and  liquid  expands  ao- 
cording  to  the  isodynamic  curve,  there  is  an  increase  of  steam,  and  if  compressed, 
steam  is  condensed. 

If  we  start  with  pure  saturated  steam,  or  Xi  =  1,  the  curve  is  given  by 

jpo»  =jpiei", 

where  for  water  steam  n  =  1 .0456. 

If  we  determine  for  one  unit  of  weight  of  steam  the  specific  volume  s,  by 
adding  to  the  value  of  u  from  our  Tables  the  value  of  tf,  and  lay  oft  those 
values  of  s  as  abscissas,  with  the  corresponding  values  of  jp  as  ordinates,  we  ob- 
tain the  curve  of  eonaiiMi  steam  weight  For  water  steam  Zeuner  has  thus  de- 
termined 

If  in  equation  (12)  we  put  then  x^Xi  =  const,  we  have 

AdU^dq -^Xidp; (35) 

and  since  q  and  p  are  functions  of  t, 

.dU  ^dq         dp 

'^'dt^dt^^'H' 
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For  compression,  or  increase  of  temperature,  we  have  an  VMna»  of  inner 

work,  because  for  all  the  steams  in  our  Tables,  -^  is  positive  eyen  when  Xi  =  1. 

Integrating,  we  have  for  the  increase  of  inner  work 

A  {U  —Ui)  =:  q  —  qi  +  Xi{p  ^  pi). 

As  to  the  heat  whioh  must  be  imparted  or  abstracted  in  order  that  the  steam 
weight  shall  be  constant,  we  have  from  equation  (20)  bj  making  da;  =  0, 

dQ=:(\-^Xi)cdt  +  Xxhdt (8e) 

The  first  term  on  the  right,  since  edt=:  dq,  gives  the  heat  of  the  liquid.  The 
second  term  gives  the  heat  required  by  the  steam,  during  the  rise  of  tempera- 
ture dt.  One  unit  weight  of  steam  requires  then  h  dt  heat  units  in  order  to  re- 
main saturated.  The  quantity  h  may  then  be  defined  as  the  speeifie  heat  of  eat- 
urcUed  eteam  for  constant  steam  toetghi.    Its  value  from  equation  (21)  is 

,  dr       r 

and  it  is  therefore  a  function  of  the  temperature.  Since  W=  g  +  r  and  c  dt=dq, 
we  have 

.       dW      W-q  ,^ 

Putting  for  W  and  q  their  values  for  water  steam,  page  892,  we  have 

X      ^o..r      606.5- 0.696^ -0.00002<»-0.0000003<*  ^, 

A  =  0.305 273T< *    •     •     •    (28) 

and  from  this  we  have  the  noteworthy  result  that  for  water  steam  the  value  of 
h  is  negative.  Thus  for  t  =  0\  100%  and  200%  we  have  A  =  -  1 .9166,  -1.1833 
and  —  0. 6766.  That  is,  during  the  compression  heat  must  be  abstracted  in  order 
to  keep  the  steam  weight  constant,  and  during  expansion  heat  must  be  added. 

If  then  during  expansion,  no  heat  is  added,  a  portion  of  the  steam  will  be 
condensed. 

Equations  (26)  and  (26)  give  the  change  of  inner  work  and  the  heat  which 
must  be  added,  for  constant  steam  weight  compression.    As  to  the  outer  work 

we  have 

dQ  =  AdU-k-AdL, 
or  from  (26)  and  (26) 

AdL^XilJidt-dq-dfi]    .    .    .     .    .    (29) 

We  have  given  in  ooliunn  8  of  the  following  Table  IIL  the  value  of  —  I   Kit 

Jo 
for  water  steam.  This  integral  is  easily  determined  from  equation  (28).  We 
give  in  the  same  Table  the  values  of  other  quantities  which  will  hereafter  oocor, 
and  which  in  connection  with  Table  II.,  at  the  end  of  this  work,  will  enable  as 
to  solve  many  examples  for  saturated  water  steam.  For  other  steams  similar 
tables  can  easily  be  prepared  if  ever  needed. 

To  illustrate  the  use  of  the  preceding  formulas,  suppose  a  unit  of  weight  of 
pure  saturated  water  steam  at  5  atmospheres,  to  expand  performing  work,  and  to 
remain  during  expansion  all  steam,  until  the  pressure  is  1  atmosphere. 
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Here  we  have  a;  =  a?i  r=  1,  and  from  (26) 


TABLE  in. 

AuziLiAET  Table  foe  Saturated  Water  Steam. 

French  units  and  Centigrade  degree; 


Bl 


dp 
dt 


.  9 
2  per  eq.  mt 

St 


£ 


in  kilogr. 


0.5 
1 
2 
8 
4 
5 


207 
860 
653 

909 
1146 
1871 
61535 
7.1791 
8. 19  JO 
9  2183 
102371 
112554 

12  2732 

13  290; 
14,3070 


.428 
,708 
.927 
.307 
.689 
.141 
.431 
.502 
.199 


-i: 


hdt 


126. 

148. 

170. 

188. 

193. 

200. 

206 

211. 

215. 


.469  219. 
.153  228. 
.223I226. 
.873,229. 
.722  231. 


.063 


234. 


747 
470 
639 
778 
163 
457 
894 
481 
862 
726 
178 
292 
134 
752 
165 


-0 


0.26273 
0.81356 
0.36814 
0.40206 
0.42711 
0.44693 
0.46892 
0.47840 
0.49120 
0.60270 
0.51297 
0.52266 
0.63150 
0.53975 
0.54744 


549.404 
586.500 
521.866 
512.858 
505.110 
499.186 
494. 12  ( 
489.686 
485.709 
482.093 
478.776 
476.707 
472.889 
470. 141 
467.600 


e 

7 

8 

r 

1   dq 

1   dfp\ 

T 

A  dp 

A  dp\uj 

1.54887 

2.0681 

11.976 

1.48884 

1.1618 

11.088 

1.32588 

0.6600 

10.194 

1.25918 

0.4768 

9.675 

1.21129 

0.8788 

9.299 

1.17895 

0.8175 

9.014 

1.14322 

0.2752 

8.774 

1.11714 

0.2440 

8.567 

1.09441 

0.2201 

8.409 

1.07425 

0.2009 

8.264 

1.06617 

0.1868 

8.143 

1.08980 

0.1723 

8.004 

1.02477 

0.1613 

7.896 

1.01088 

0.1518 

7.794 

0.99801 

0.1435 

7.699 

r 
Apu 


10 


14.229 
13.844 
12.458 
11.986 
11.568 
11.284 
11.052  82 
10.856 
10.684 
10.585 
10.401 
10.280 
10.168 
10.066 
9.971 


i.859 
.668 
1.722 
.749 
1.149 
.160 
1.808 
1.165 
>.471 
1.657 
.588 
1.217 
».892 
1.450 
.910 


TABLE  Ul."^C<mtinued.)—Engli9h  unite  and  Fahrenheit  degrees. 


»  5 


I 


dp 
di 

in  IlM. 
pertq.ft 


0.5    28, 

1  42, 

2  74 
3103. 
4130 
5155 
6180. 
72<13. 
8226. 
9248 

10269. 

11290. 

12810 

13830 

14350 


-1: 


hdt 


598288.1446 

061267.246 

896  307.1502 

450  830.8004 

456  347.6984 

992  360.8226 

371871.5092 

815880.6658 

421388.5516 

409  895.5068 

781401.7204 

589  407.8256 

918412.4412 

806'417.1586 

299|421.4970 


^:? 


0.83262 
0.88835 
0.48793 
0.47184 
0.49690 
0.51672 
0.53871 
0.54819 
0.56099 
0.57249 
0.58276 
0.59245 
0.60129 
0.60954 
0.61723 


988.9272 

965.7000 

989.8588 

922.2354 

909.198 

898.6348 

889.4282 

881.4348 

874.2762 

867.7674 

861.7968 

a56.2726 

851.1102 

846.2588 

841.6800 


T 


l^dq 
A  dp 


1.54887 
1.43884 
1.82588 
1.25918 
1.21129 
1.17895 
1.14322 
1.11714 
1.09441 
1.07425 
1.05617 
1.08980 
1.02477 
1.01088 
0.99801 


83.0181 
28.5986 
10.5627 
7.6227 
6.0624 
5.0818 
4.4043 
8.9050 
8.5225 
8.2152 
2.9655 
2.7676 
2.5815 
2.4294 
2.2966 


8 


1  tf/p\ 
Adp\uJ 


11.976 
11.088 
10.194 
9.675 
2.299 
9.014 
8.774 
8.557 
8.409 
8.264 
8.148 
8.004 
7.896 
7.794 
7.699 


9 


r 
Apu 


14.229 
12.844 
12.453 
11.985 
11.568 
11.284 
11.052 
10.a56 
10.684 
10.585 
10.401 
10.280 
10.168 
10.066 
9.971 


10 


dt\u) 


0.365755 

0.608537 

0.981465 

1.29628 

1.56996 

1.82085 

2.04808 

2.25702 

2.46402 

2.65667 

2.84245 

8.01000 

3.17699 

3.88668 

8.49025 
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Taking  the  corresponding  yalues  from  Table  III.,  page  478,  oolomn  S,  for  6 
and  1  atmospheres,  we  have 

Q  =  200.457  -  148.470  =  01.987  French  heat  units 

for  one  kilogram  of  steam,  or 

Q  =  860.8226  -  267.2460  =  98.5766  Englisb  heat  units 

for  one  pound  of  steam. 

We  see  that  this  amount  of  heat  is  quite  considerable,  and  even  if  we  aKone 
that  the  hot  sides  of  the  cylinder  impart  during  expansion  a  certain  amount  of 
heat  to  the  steam,  still  it  is  certain  that  they  cannot  yield  enough  to  keep  all  the 
steam  saturated,  and  hence  heat  from  without  must  be  imparted. 

The  change  of  inner  work  is,  from  equation  (25), 

-4  (U%  —  Ui)  =  ji  —  ji  +  pi  —  pi. 

From  Table  II.,  page  666,  we  have  for  5  atmospheres,  ^i =158.741  pi  =454.994, 
and  for  1  atmosphere,  q^  =  100.5  pi  =  496.8,  hence 

ul  (27,  ~  Z7i)  =  —  11 .985  French  heat  units  for  one  kilogram. 

The  negative  sign  shows  a  decrease  of  inner  work. 
Finally  the  outer  work  is 

AL  —  Q  —  AiUt—  Ui)  =  68.922  French  heat  units, 
or, 

X  =  424  X  68.922  =  27102.9  meter-kilograms 

per  kilogram  of  steam.  Only  a  part  therefore  of  the  entire  heat  goes  to  outer 
work. 

From  equation  (27)  we  have  in  general 

hT=(a  +  f)^-W^q (80) 

Inserting  for  W  the  experimental  values  as  determined  by  Begnault,  page 
892,  we  have  for  steam  of 

Water  AT  =  -  528.28  +  t  +  0.00002/*  +  O.OOOOOOSf. 

Ether  hT-  +  28.85  +  0.2257/  -  0.0002596^. 

Acetone  A7=  -  40.473  +  0.2247/  -  0.000119/*. 

Chloroform  hT=  -  29.462  +  0.2828/  -  0.0000507^. 

Chloride  of  Carbon  hT=-  12.087  +  0.1041/  -  0.000081/". 

Bisulphide  of  Carbon  hT=  -  50.189  +  0.0101/  -  0.0008806/*. 

For  all  these  steams,  within  the  limits  of  temperature  of  Regnault's  experiments, 
except  ether,  the  value  of  A  is  negative.  That  is,  heat  must  be  abstracted  dur- 
ing compression  and  added  during  expansion,  to  prevent  partial  condensation, 
and  keep  the  steam  saturated.  The  only  exception  is  ether  steam.  This  steam 
alone  is  condensed  by  compression  and  superheated  by  expansion,  if  no  heat  is 
imparted  or  abstracted  during  the  change  of  state.    All  these  facts  are  confinned 
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bf  direct  experiment.  Alcohol  and  benzine  steams  act  in  this  respect  like  water 
steam  aLKS  but  are  not  included  above,  because  hT  is  not  thus  far  known  as  a 
function  of  U  For  alcohol  steam  the  value  of  IT  is  not  known,  and  for  benzine 
the  value  of  ^  is  still  undetermined  by  experiment,  yet  we  can  decide  as  to  this 
point. 

Thus  we  see  that  it  is  the  value  of  the  first  term  on  the  right  in  all  our  equa- 
tions which  determines  the  sign  of  hT.  This  term  is  the  value  of  hT  for  (  =  0. 
If  then  we  determine  this  we  can  settle  the  question. 

If  we  put  <  =  0  in  equation  (80)  we  have 


<*^=«C^.-'^* 


BQgnault  gives  lor  TTin  general 

Tr=  a  +  /J<  +  «<■, 

where  a,  /9,  y  are  constants  determined  by  experiment. 

Hence -j^  =ytf +  2«,  or  for  /  =  0,  Tr=  a,  and -gj-  =ytf.   Thus  when  <=0 

Kow  for  benzine  steam  Begnault  gives 

Tr=  109.00  +  0.244dO^-0.0001818/«. 

Accordingly  a  =  100,  fi  =  0.24439,  and  as  a  =  378,  we  have 

(AT)o  =  -  42.809. 

This  steam  therefore  acts  like  water  steam. 

For  alcohol  steam  we  do  not  know  W,  but  we  know  q.    From  the  value  of  h, 

^  dr      r 

we  have 

Ad<  =  <,(«  + TO  ^^V 

and  putting  dq^edi, 

{hdi_[dq       r 
J   T   "jT'^T 

It  is  evident  that  if  A  is  negative,  the  right  side  of  this  equation  must  decrease 
as  the  temperature  increases.  Our  Tables  for  alcohol  show  that  such  is  actually 
the  case.  Thus  for  O"",  40"*,  SO"",  we  have,  taking  the  value  of  r  given  by  the 
Tables  and  using  the  value  of  q  for  alcohol,  page  890,  for  the  right  side  of  the 
equation.  8.1418,  8.1172,  2.0447. 

Thus  ether  steam  is  the  only  exception  thus  far,  to  the  general  rule,  that  to 
keep  the  steam  saturated  and  uncondensed  heat  must  be  added  daring  expansioa 
and  abstracted  during  compression. 
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THE  ADIABATIC  CTTBYE  FOB  HTSTUBES  OF  STEAM  AND  LIQUID. 

Since  for  adiabatio  change  there  is  no  transfer  of  heat,  we  have  from  equation 
(19),  putting  dQ  =  0, 


0  =  dg  +  Td 


(f)- 


ft  da 
Integrating  and  putting      -^  =  r,  we  have 

Jo  ^ 

XT 

-=  +  T  =  constant. 

The  value  of  r  is  easily  determined  from  the  value  of  ^  as  given  page  890. 
We  have  thus  for  French  units  and  Centigrade  degrees 

r  =  2.4818892  log  ^  -  0.0002057^  +  0.00000045r«, 
and  for  English  units  and  Fahrenheit  degrees 

r  =  2.414100458  log  ^j  -  0.0001064 (^ -  82)  +  0.0000001889 {t  -  82)'. 

We  have  found  and  tabulated  the  values  of  r  for  the  temperatures  correspond- 
ing to  different  pressures  in  column  (4)  of  Table  III.,  page  478,  precediog.   Wc 

have  also  given  r  and  -r-  for  the  same  pressures. 

If  we  denote  the  initial  temperature  by  ^i,  and  the  final  by  t,  we  have  for 
adiabatic  change 

-^  +  r=-^   +  r. (31) 

This  is  the  equation  given  on  page  487,  and  its  use  is  there  explained* 

If  we  put  for  dQt  c  dt,  we  have  also,  considering  e  as  constant,  the  approii' 
mate  formula  given  on  page  486, 


fi  dq       [Udl  ^,      T 


where  e  is  the  mean  specific  heat.  As  there  is  no  difficulty  in  finding  the  exact 
value  of  r,  we  have  no  use  for  this  equation  here. 

With  the  aid  of  Table  III.,  page  473,  we  can  find  x  from  equation  (81),  when 
the  initial  and  final  pressures  are  given.  If  a;  is  found  greater  than  Xi  it  sbovs 
that  steam  has  been  formed.  If  a;  is  found  to  be  less  than  Xi^  steam  has  been 
condensed.  If  a;  is  greater  than  1,  it  shows  that  the  steam  b  superheated,  8Xid 
the  formula  ceases  entirely  to  apply,  because  it  is  based  expressly  upon  the  ood- 
dition  that  the  steam  remains  saturated. 

The  method  of  using  equation  (31)  has  been  fully  illustrated  on  page  487, 
ei  uq. 
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The  empirical  fonnala  for  the  adiabatic  cnrve  of  water  steam, 

where  m  iias  the  yalue 

m  =  1.086  +  0.1009; 

has  been  already  deduced,  page  449. 


DEPOVrXENT  OF  STEAM  AND  LIQUID  lOXTUBES  WHEN  THE  GHANQE 

OF  CONDITION  IS  A  BEYEBSIBLE  PBOOESS. 

The  prooees  of  change  is  reyersible  when  at  any  moment  the  outer  preasnie  is 
eqnal  to  the  steam  tension.  This  assumption  is  made  in  all  our  foregoing  inves- 
tigations of  the  isothermal,  isodynamic  and  adiabatic  curves,  as  well  as  the  curve 
of  constant  steam  weight  We  can  now  apply  them  to  problems  of  technical  im- 
portance. 

Pboblkm.— 2Vafur/0f  of  T^eai  under  eontiani  volume. 

Suppose  a  unit  of  weight  of  mixture,  Xi  by  weight  steam  and  1  —  0  liquid, 
at  the  temperature  ^1  and  corresponding  pressure  pi. 
We  have  then, 

t*i 

aj  =  —  Xi, 

tt 

Since  the  volume  is  constant,  we  have  dL  =  0,  and  hence 

dQ  =  AdU=dq-hd(xp), 
or,  as  on  page  472, 

«="-««+*•"•  (5- £) 

For  the  "  heat  weight "  (page  180),  we  have  from  eq.  (19), 

or 

i»=^(r-r.+f--^) (88) 

As  long  as  s  =  —  a;,  is  less  than  unity,  we  have  to  do  with  saturated  steam, 

and  the  formulie  hold  good. 

Equation  (15),  which  holds  good  for  any  change  of  the  mixture,  is 


(32) 


cl«.^[,-<.^  +  .^]*  +  ^tf.. 


478  THERMODYNAMICS. 

da 

Inserting  ji  as  a  function  of  t  and  c  =  -^,  we  have 


'^«=[-4(0-''s(0>-^*'-  •  ^ 


If  now  the  Tolume  is  constant,  dv  =  0,  and  v  =  «i,  hence 

dQi 


(85) 


This  valne,  giyes  iKe  specific  heat  of  the  miaiwrc  for  eonttant  tolume, 

da 
The  value  of  <:  =  ^  is  easily  determined  from  the  equations,  page  876.   For 

steam  of  water  we  have  given  the  values  ^^j*(     j^  column  10,  of  the  Table 
III.,  page  478. 

Thus  for  water,  c  =  ^  =  1  +  0.00004/  +0.0000009<«,  and  for  6 atmospheres' 
pressure,  /=  152.82°  C.    Hence  c  =  1.0269.    From  our  Table  III.,  page  473, 
29.160,  and  since  d  =  0.001, 


dt\uj 


5^  =  0.9977  +  29.160©,. 
at 


If  we  have  pure  saturated  steam  and  no  water,  t^i  =  «,  +  tf  =  0.8686,  and 


^  =  11.695, 

which  of  course  holds  good  for  heat  abstraction,  since  if  heat  were  added  the 
steam  would  be  superheated.  For  mixturee  of  steam  and  liquid,  the  specific 
heat  for  constant  volume  is  always  greater  than  that  of  the  liquid,  and  then* 
fore  for  water,  greater  than  unity.     This  is  due  to  the  change  of  aggregation. 

It  is  worth  noting  that  for  water  steam  the  value  ^^^'-  ^^[Z7y^  equation 

(85)  may  be  put  with  slight  error  equal  to  unity. 

The  application  of  the  preceding  to  an  example  will  be  found  on  page  44ft- 
Also  to  the  problem  of  determining  the  time  in  which  the  pressure  of  steam  will 
rise  a  certain  amount  in  a  boiler,  on  page  451. 
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Saturated  Steam  of  Water. 

French  Units, 

For  comsponding  yalaes  of  Tand^,  see  Table  II.  (a),  at  end  of  work. 


u 

dp 

si 

dt 

dp 

"t"*^., 

-  =»  ^^  wl 

Apu 

Temp 

In  milliineteTB  of 

pdt 

pdt 

u             dt 

r       ^ 

mercury. 

0 

0.8289 

0.071602 

19.520 

2.879 

0.051229 

5 

0.4^08 

0.068915 

19.158 

4.014 

0.052196 

10 

0.6088 

0.066429 

18.799 

6.525 

0.058198 

16 

0.8182 

0.064041 

18.444 

7.511 

0.064219 

90 

1.0788 

0.061746 

18.091 

10.090 

0.056274 

86 

1.4022 

0.069542 

17.748 

18.400 

0.056858 

80 

1.8117 

0.057427 

17.400 

17.604 

0.057470 

86 

2.8171 

0.055897 

17.063 

2-^.886 

0.058609 

40 

2.9847 

0.058449 

16.780 

29.467 

0.059774 

46 

8.6826 

0.061582 

16.408 

87.554 

0.060964 

60 

4.6800 

0.049794 

16.088 

47.442 

0.062176 

66 

6.6484 

0.048081 

16.771 

59.418 

0.063409 

60 

6.9100 

0.046448 

15.465 

73.792 

0.064661 

66 

8.8891 

0.044876 

15.168 

90.983 

0.065927 

70 

10.111 

0.048880 

14.879 

111.220 

0  067206 

75 

12.104 

0.041968 

14.600 

185.077 

0.068494 

80 

14.896 

0.040594 

14.829 

162.959 

0.069786 

86 

17.017 

0.089800 

14.069 

195.869 

0.071076 

90 

20.002 

0.088072 

18.820 

282.852 

0.072859 

06 

28.888 

0.036907 

18.582 

276.009 

0.078828 

100 

27.189 

0.086775 

18.344 

825.229 

0.074940 

106 

81.464 

0.084701 

18.117 

381.286 

0.076286 

110 

86.212 

0.083674 

12.897 

444.778 

0.077536 

116 

41.489 

0.082691 

12.684 

516.862 

0.078888 

120 

47.848 

0.081760 

12.478 

696.786 

0.080148 

126 

63.796 

0.080848 

12.277 

686.610 

0.081460 

180 

60.878 

0.029982 

12.083 

786.716 

0.082761 

186 

68.617 

0.029152 

11.894 

897.808 

0.084076 

140 

77.060 

0.028855 

11.711 

1020.627 

0.085391 

145 

86.284 

0.027590 

11.688 

1155.960 

0.086709 

160 

96.171 

0.026864 

11.859 

1304.588 

0.088034 

166 

106.901 

0.026146 

11.191 

1467.283 

0.089861 

160 

118.455 

0.025466 

11.026 

1644  860 

0.090691 

166 

180.858 

0.024809 

10.866 

1838.076 

0.092026 

170 

144.188 

0.024177 

10.711 

204;. 724 

0.093365 

175 

158.819 

0.028R68 

10.559 

2274.570 

0.094709 

180 

178.428 

0.022981 

10.410 

2519.873 

0.096059 

185 

189.470 

0.0221t4 

10.265 

2782. «75 

0.097418 

190 

206.478 

0.021866 

10.124 

8065.794 

0.098774 

195 

224.462 

0.021887 

9.986 

8368.820 

0.100140 

200 

248.488 

0.020626 

9.861 

8692.650 

0.101614 
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Saturated  Steam  of  Water  (C<mHnued^ 

BngUsh  UniU, 

For  correspondiug  valaes  of  7*  and  p,  see  Table  11.  (a),  at  end  of  work. 


II 

dp 
in  Inches  of 

4» 

pdt 

pdt 

u            dt 

r 

82 

41 
50 
59 
68 

0.00719 
0.00985 
0.01882 
0. 01779 
0.02849 

0.080728 
0.088286 
0.086905 
0.035578 
0.084808 

19.620 

19.168 
18  799 
18  444 
18.091 

0.8226 
0.4510 
0.6208 
0.8489 
1.1247 

0.a5l2» 
0.052196 
0.058198 
0.054219 
0.056274 

77 

86 

95 

104 

118 

0.08067 
0.08968 
0.05068 
0.06419 
0.08054 

0.088079 
0.081904 
0.080776 
0.029694 
0.028656 

17.748 
17.400 
17.062 
16.780 
16.408 

1.5067 
1.9781 
2.6716 
8.8100 
4.2198 

0  056858 
0.057470 
0. 058609 
0.059774 
0.060964 

122 
181 
140 
149 
158 

0.10018 
0.12:^45 
0.15114 
0.18849 
0.22115 

0.027668 
0.026711 
0  025801 
0.024981 
0.024100 

16.088 
15.771 
15.466 
15.168 
14.879 

6.8809 

6.6761 

8.2827 

10.1268 

12.4975 

0.C62176 
0. 068409 
0.064661 
0.065927 
0.067206 

167 
176 
185 
194 
208 

0.26474 
0.81485 
0.87220 
0.48749 
0.51155 

0.028807 
0.022552 
0.021838 
0.021151 
0.0'>0548 

14.600 
14.829 
14.069 
18.820 
18.582 

16.1782 
18.2198 
21.96-21 
26.1649 
81.0184 

0.068494 
0.069786 
0.071076 
0.072859 
0.078G28 

212 
221 
280 
289 
248 

0.59469 
0.68797 
0.79204 
0.90768 
1.08562 

0.019875 
0.019278 
0.018707 
0.018161 
0.017639 

18.844 
18.117 
12.897 
12.684 
12.478 

86.5441 

42.844 

49.9784 

58.022 

67.0586 

O.O74»40 
O.0762S6 
0.077536 
0.078888 
0.080148 

257 
266 
275 
284 
298 

1.17668 
1.88144 
1.50082 
1.68549 
1.88615 

0.017187 
0.016656 
0.016195 
0.015752 
0.016827 

12.277 
12.088 
11.894 
11.711 
11.588 

77.1624 
88.4010 
100.8886 
114.684 
129.800 

0.081450 
0.082761 
0.084075 
0.085891 
0  086709 

802 
811 
820 
829 
888 

2.10849 
2.88819 
2.59090 
2.86218 
8.15265 

0.014914 
0.014625 
0.014147 
0.018782 
0.013431 

11.859 
11.191 
11.026 
10.866 
10.711 

146.6928 
164.8744 
184.8282 
206.5894 
280.0969 

0.088084 
0.089S61 
0.090691 
0.092026 
0.098865 

847 
856 
865 
874 
888 

8.46282 
8.79814 
4.14417 
4.51618 
4.90958 

0.018093 
0  012878 
0.012453 
0.012147 
0.011854 

10.669 
10.410 
10.265 
10.124 
9.986 

255.587 

288.0948 

812.7088 

844.4865 

878.5448 

0.094709 
O.OOOOM) 
0.097418 
0.098774 
0.100140 

892 

6.82458 

0.011570 

9.851 

414.9327 

0.101514 
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Saturated  Steam  of  Ether  (C4H10O). 

French  UniU, 

For  comspondiDg  yalnes  of  2*  and  p,  see  Tables  at  end  of  work. 


1" 

4p 

1 

fU 

dp 
pdt 

pdt 

u              di 

in  mlUimetAn  of 

mercury. 

0 

8.441 

0.045778 

13.497 

78.00 

0.08003 

10 

13.324 

0.043619 

13.061 

110.94 

0.08391 

90 

17.175 

0.089685 

11.638 

161.88 

0.08600 

80 

38.464 

0.086968 

11.200 

338.00 

0.08939 

40 

81.343 

0.084444 

10.781 

818.60 

0.09375 

50 

40.633 

0.083117 

10.874 

430.78 

0.09640 

60 

51.709 

0.029976 

9.983 

553.30 

0.10018 

70 

64.576 

0.038017 

9.610 

710.83 

0.10406 

80 

79.837 

0.036348 

9.364 

898.03 

0.10794 

90 

96.137 

0.034659 

8.951 

1119.01 

0.11173 

100 

115.818 

0.038380 

8.688 

1879.84 

0.11516 

110 

187.538 

0.033189 

8.475 

1689.18 

0.11799 

130 

168.979 

0.031348 

8.848 

3066.66 

0.11978 

EngUah  Units. 


0«* 

ft 

Hhi 

in  lochM  of 
mercury. 

pdt 

pdt 

u            dt 

r 

83 
50 
68 
86 
104 

• 

0.18463 
0.36787 
0.87566 
0.51821 
0.68884 

0.035483 
0.028677 
0.033047 
0.030515 
0.019185 

13.497 
13.061 
11.638 
11.300 
10.781 

8.8089 
13.4660 
18.1388 
35.6197 
85.3888 

0.0806» 

o.089ia 

0.08600* 
0.08939) 
0.09375 

133 
140 
156 
176 
194 

0.88850 
1.18100 
1.41348 
1.78507 
9.10858 

0.017843 
0.016658 
0.015565 
0.014579 
0.018699 

10.874 
9.983 
9.610 
9.364 
8.951 

47.3818 

61.8491 

79.8166 

100.9079 

195.7899 

0.09640 
0.10018 
0.10406 
0.10794 
0.11173 

313 
380 
346 

8.03317 
8.0(^96 
8.08663 

0.013988 
0.013399 
0.011801 

8.688 
8.475 
8.848 

164.9935 
189.8037 
383.3347 

0.11516 
0.11799 
0.11978 

81 
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TBERMOD  TNAMIC8. 


Saturated  Stbam  of  Alcohol  (CtHcO). 

French  Units. 

For  corresponding  values  of  Tand  j?,  see  Tables  at  end  of  work. 


Tempentare 
Centigrade  i. 

dp 

<u 

in  mlUimeten  of 

pcU 

pdt 

r   "' 

mercury. 

0 

0.8419 

0.066295 

18.099 

7.87 

0.05625 

10 

1.5185 

0.062672 

17.786 

18.78 

0.05638 

20 

2.6188 

0.058779 

17.222 

24  55 

0.05806 

80 

4.8193 

0.055009 

16.668 

41.97 

0.05999 

40 

6.8784 

0.051450 

16.104 

69.04 

O.O6210 

50 

10.680 

0.048114 

15.641 

109.59 

0.06485 

60 

15.757 

0.044992 

14.982 

168.26 

0.06674 

70 

22.767 

0.042072 

14.431 

250.48 

0.06930 

80 

81.981 

0.089842 

18.887 

862.04 

O.O7201 

eo 

48.752 

0.086788 

18.854 

509.82 

0.07486 

100 

58.897 

0.034401 

12.881 

698.58 

0.07798 

110 

76.162 

0.032168 

12.820 

985.46 

0.08117 

120 

97.211 

0.030080 

11.821 

1225.17 

0.08459 

lao 

121.597 

0.028128 

11.885 

1571.58 

0.08823 

140 

149.255 

0.026802 

10.868 

1976.82 

0.0920$ 

150 

179.998 

0.024595 

10.404 

2441.72 

0.09612 

English  Units, 


2-^ 

11 

Op 
dt 

in  inches  of 

pdt 

jrdp 

pdt 

u  -"^^dt 

Apu^ 

r 

ea 

mercury. 

• 

82 

0.01841 

0.08688 

18.099 

0.8281 

0.05525 

50 

0.08821 

0.084817 

17.786 

1.5484 

0.05688 

68 

0.05715 

0.049821 

17.222 

2.7584 

O.O5806 

86 

0.09447 

0.03056 

16.668 

4.1160 

0.05999 

104 

0.15044 

0  028588 

16.104 

7.7577 

0.06210 

122 

0.23141 

0.02678 

15.541 

12.8142 

0.06485 

140 

0.84464 

0.024995 

14.982 

18.9067 

0.06674 

158 

0.49796 

0.023878 

14.431 

28.1899 

0.06980 

176 

0.6995 

0.021856 

18.887 

40.6812 

O.O7201 

194 

0.9569 

0.020487 

13.854 

57.2807 

0.07488 

212 

1.2772 

0.019112 

12.881 

78.4916 

0.07798 

280 

1.6658 

0.017871 

12.820 

105.1148 

0.08117 

248 

2.1262 

0.017831 

11.821 

187.6686 

0.08459 

266 

2.6595 

0.015626 

11.885 

176.588 

0.08823 

284 

8.2645 

0.014612 

10.868 

222.1294 

0.09206 

• 

802 

8.9669 

0.018664 

10.404 

274.8691 

0.06612 
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Saturated  Steax  for  Acetone  (CsHeO). 

French  Untis, 

For  corresponding  values  of  Thndp,  see  Tables  at  end  of  work. 


it 

dp 
dl 

In  mlllimetera  of 

dp 
pdt 

fpdp 
^pdt 

u-''^^  dt 

r        ^ 

mercury. 

0 

8.769 

0.059516 

16.248 

88.00 

0.06155 

10 

5.726 

0.051910 

14.690 

51.97 

0.06807 

20 

8.849 

0.046864 

18.558 

78.45 

0.07878 

ao 

11.797 

0.043125 

12.674 

114.68 

0.07884 

40 

16.243 

0.088788 

12.128 

168.04 

0.08248 

50 

21.858 

0.085903 

11.596 

226.41 

0.08628 

60 

28.808 

0.088460 

11.142 

807.64 

0.08975 

70 

87.287 

0.081294 

10.738 

409.60 

0.09816 

80 

47.266 

0.029888 

10.;)56 

585.06 

0.09656 

90 

58.971 

0.027546 

V.tfW 

686.49 

0.10001 

100 

72.891 

0.025889 

9.657 

865.92 

0.10855 

110 

87.515 

0.024848 

9.825 

1074.90 

0.10728 

120 

104.271 

0.022907 

9.002 

1314.15 

0.11108 

180 

122.555 

0.021558 

8.688 

1588.89 

0.11510 

140 

142.199 

0.020293 

8.880 

1888.87 

0.11982 

English  Dnita. 


Temperatnre 
Fahrenheit  t 

dt 
in  inches  of 

dp 
pdt 

J,  dp 
pdt 

u'-^^dt 

r        ^ 

mercury. 

32 

0.08348 

0.038064 

16.248 

8.7081 

0.06150 

50 

0.1252 

0.028489 

14.690 

5.8897 

0.06807 

68 

0.1607 

0.026757 

13.558 

8.8163 

0.07878 

86 

0.2580 

0.038403 

12.674 

13.8804 

0.07884 

104 

0.8552 

0.021518 

12.128 

18.3203 

0.08248 

122 

0.4780 

0.019946 

11  596 

35.4409 

0.08625 

140 

0.6800 

0.018589 

11.142 

84.5686 

0.08975 

158 

0  8144 

0.017382 

10.788 

46.0356 

0.09316 

176 

1.0888 

0.016299 

10.856 

60.1383 

0.09656 

194 

1.2898 

0.016808 

9.999 

77.1889 

0.10001 

212 

1.5883 

0.014882 

9.657 

97.8009 

0.10855 

280 

1.9141 

0.018536 

9.825 

120.7834 

0.10723 

248 

2.2806 

0.012726 

9.003 

147.6673 

0.11108 

266. 

2.6808 

0.011976 

8.688 

177.9772 

0.11510 

28? 

8.1099 

0.011273 

8.88U 

211.6289 

0.11982 
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THERMODYNAMICS. 


Satubatkd  Stbah  or  Chloboform  (CHGIb). 

FreMk  UniU. 
For  correBpanding  Talaes  of  T  and  p,  see  Tables  at  end  of  work. 


i^ 

dp 

Tempeni 
Centl^nui 

in  minimetera  of 

pdt 

^pdt 

u      '^^  dt 

^=* 

mercury. 

m 

0 

8.286 

0.064178 

14.790 

28.82 

0.06761 

10 

4.058 

0.049297 

18.961 

44.96 

0.07168 

20 

7.246 

0.046166 

18.281 

68.08 

0.07668 

80 

10.286 

0.041698 

12.608 

100.04 

0.07986 

40 

14.211 

0.088486 

12.046 

142.64 

0.08802 

60 

10.128 

0.086741 

11.644 

198.08 

0.06663 

60 

26.160 

0.088202 

11.086 

268.68 

0.09090 

70 

82.888 

0.081064 

10.662 

866.81 

0.09879 

80 

40.968 

0.029079 

10.265 

468.88 

0.09742 

90 

60.816 

0.027244 

9.889 

591.66 

0.10112 

100 

62.061 

0.026656 

9.682 

742.86 

0.10491 

110 

74.646 

0.028994 

9.190 

916.88 

0.10683 

190 

88.6t0 

0.022646 

8.860 

1116.61 

0.11286 

180 

108.649 

0.021197 

8.642 

1888.26 

0.11706 

140 

119.626 

0.019987 

8.284 

1684.88 

0.12145 

160 

186.684 

0.018760 

7.986 

1862.80 

0.12603 

160 

164.218 

0.017668 

7.646 

2141.61 

0.18079 

BngUah  Umt$. 


pa 

dp 

|| 

In  inebes  of 

dp 
pdi 

pat 

u   '"'^^dt 

^=* 

Ifi 

mercorj. 

82 

0.07076 

0.080080 

14.790 

8.1822 

0.06761 

60 

0.10686 

0.027887 

18.961 

6.0609 

0.07168 

68 

0.16848 

0.026487 

18.281 

7.6499 

0.07658 

86 

0.22618 

0.028107 

12.608 

11.241 

0.07985 

104 

0.81088 

0.021880 

12.046 

16.028 

0.08808 

122 

0.41827 

0.019860 

11.644 

22.268 

0.08662 

140 

0.65009 

0.018496 

11.066 

80.180 

0.09020 

168 

0.70861 

0.017269 

10.662 

40.088 

0.09879 

176 

0.89681 

0.016166 

10.265 

52.069 

0.09742 

194 

1.1114 

0.015186 

9.889 

66.472 

0.10113 

212 

1.8674 

0.014198 

9.582 

88.417 

0.10491 

280 

1.6826 

0.018880 

9.190 

108.02 

0.10862 

248 

1.9869 

0.012626 

8.860 

126.86 

0.11286 

266 

2.2649 

0.011776 

8.642 

160.88 

0.11706 

284 

2.6164 

0.011076 

8.234 

178.08 

0.12145 

802 

2.9874 

0.010422 

7.986 

208.20 

0.129D8 

820 

8.8781 

0.009610 

7.646 

240.66 

0.18079 
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Satitkated  Stbam  of  Chlo&idb  of  Cabbon  (CCI4). 

French  Units. 
For  corresponding  values  of  T  and  p,  see  Tables  at  end  of  work. 


*• 

dp 

S  fl 

di 

in  millimeten  of 

dp 
pdt 

j,dp 
pdi 

V            dt 

r 

Is 

mercury. 

0 

1.82 

0.080748 

15.107 

15.96 

0.06619 

10 

8.84 

0.028071 

14.850 

25.76 

0.06968 

90 

4.24 

0.025874 

18.646 

89.82 

0.07828 

80 

6.10 

0.028828 

12.998 

59.28 

0.07696 

40 

8.60 

0.021991 

12.890 

85.85 

0.08071 

(M) 

11.62 

0.020864 

11.884 

119.80 

0.08450 

60 

16.21 

0.018890 

11.822 

162.46 

0.08882 

70 

10.66 

0.017582 

10.856 

216.28 

0.09212 

80 

24.91 

0.016411 

10.427 

281.99 

0.09590 

00 

81.08 

0.015868 

10.088 

861.27 

0.09962 

100 

88.09 

0.014424 

9.685 

455.64 

0.10825 

110 

46.15 

0.018584 

9.865 

566.88 

0.10678 

180 

66.28 

0.012880 

9.076 

696.70 

0.11018 

180 

66.56 

0.012158 

8.816 

847.28 

0.11848 

140 

77.09 

0.011547 

8.584 

1021.00 

0.11650  . 

150 

88.96 

0.011000 

8  876 

1220.81 

0.11989 

180 

104.29 

0.010509 

8.191 

1448.19 

0.12208 

EngUsh  Units. 


* 

S 

dt 

dp 

^t 

-=^r* 

^l«-^ 

ll 

In  inches  of 

pdt 

pdt 

u            di 

r        ^ 

merenry. 

82 

0.08980 

0.080748 

15.107 

1.7984 

0.06619 

60 

0.06211 

0.028171 

14.850 

2.8946 

0.06968 

68 

0.09274 

0.025874 

18.646 

4.4745 

0.07828 

86 

0.18842 

0.028828 

12.998 

6.6611 

0.07696 

104 

0.18591 

0.021991 

12.890 

9.6906 

0.08071 

128 

0.25197 

0.020864 

11.884 

18.406 

0.08460 

140 

0.88268 

0.018890 

11  822 

18.255 

0.08882 

168 

0.48001 

0.017582 

10.865 

24.297 

0.09212 

176 

0.64484 

0.016411 

10.427 

81.687 

0.09590 

194 

0.67870 

0.015868 

10.088 

40.595 

0.09962 

dl2 

0.88812 

0.014424 

9.686 

61.199 

0.10826 

280 

1.0094 

0.018584 

9.866 

68.698 

0.10678 

248 

1.2091 

0.012880 

9.076 

78.286 

0.11018 

266 

1.4889 

0.012158 

8.816 

95.211 

0.11848 

284 

1.6861 

0.011547 

8.584 

114.78 

0.11650 

808 

1.9676 

O.OtlOOO 

8.876 

187.12 

0.11989 

820 

2.2811 

0.010509 

8.191 

162.78 

0.12208 
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THERMODYNAMICS. 


Saturated  Steam  of  Bisulphide  op  Cabboit  (GSs). 

French  UmU. 
For  corresponding  ralaes  of  T  and  p,  see  Tables  at  end  of  work. 


5^ 

dp 

mpen 
ntlgn 

In  millimeten  of 

dp 
pdi 

pdt 

«            dt 

^=* 

es 

mercQiy. 

0 

5.846 

0.045704 

12.477 

61.18 

0.06015 

10 

8.880 

0.042226 

11.950 

76.05 

0.06888 

20 

11.664 

0.089187 

11.467 

109.60 

0.08721 

80 

15.818 

0.086888 

11.024 

153.65 

0.09071 

40 

20.941 

0.038911 

10.614 

210.20 

0.09421 

50 

27.157 

0.081683 

10.288 

281.80 

0.09772 

60 

84.540 

0.029661 

9.877 

868.85 

0.10124 

70 

48.181 

0.027821 

9.548 

474.98 

0.10478 

80 

53.124 

0.026187 

9.226 

601.88 

0.10888 

90 

61.406 

0.024591 

8.926 

749.76 

0.11202 

100 

77.080 

0.023166 

8.641 

921.42 

0.11578 

110 

90.972 

0.021847 

8.867 

1117.86 

0.11951 

120 

106.173 

0.020621 

8.104 

1888.12 

0.12889 

130 

122.573 

0.019482 

7.851 

1584.12 

0.12787 

440 

140.057 

0.018419 

7.607 

1855.00 

0.18145 

150 

158.497 

0.017425 

7.871 

2150.06 

0.18567 

Eaglish  UniU. 


• 
^  9 

dp 

a* 

dt 
In  inches  of 

dp 
pdt 

jrdp 

pdt 

u            dt 

^=* 

ee 

mercniy. 

82 

0.12786 

0.025890 

12.477 

5.7509 

0.08015 

50 

0.18829 

0.028459 

11.950 

7.8809 

0.08368 

68 

0.25512 

0.021743 

11.467 

11.241 

0.08721 

86 

0.84587 

0.020218 

11.024 

15.699 

0.09071 

104 

0.45808 

0.018839 

10.614 

21.895 

0.09421 

122 

0.59899 

0.017561 

10.288 

28.521 

0.09772 

140 

0.75547 

0.016478 

9  877 

87.251 

0.10124 

158 

0.94447 

0.015456 

9.548 

47.780 

0.10478 

176 

1.1619 

0.014520 

9.226 

60.251 

0.10888 

194 

1.4087 

0.018661 

8.926 

74.811 

0.11202 

212 

1.6848 

0.01287 

8.641 

91.556 

0.11578 

280 

1.9898 

0.012187 

8.867 

110.55 

0.11951 

248 

2.8228 

0.011456 

8.104 

131.81 

0.12889 

266 

2.6810 

0.010828 

7.851 

155.88 

0.12787 

284 

8.0684 

0.010288 

7.607 

181.04 

0.18146 

802 

8.4667 

0.0096806 

7.871 

206.82 

0.18567 

APPLICATION  OF  CALCULUS  TO  SATURATED  STEAM.   4ffl 


Saturated  Steam  of  Msbcubt. — Frefkeh  UniU. 


Ms 

Absolute 

PreesaTe 

dp 

n 

Tempem- 

tore, 

in  miUl- 
meters 

di 

^ 

^''^. 

-=^^t 

Apa^ 

Temp 

#vt 

mercuiy, 

in  miUimet's 

pdt 

pdi 

u            dt 

r        ^ 

T 

P 

mercury. 

140 

413 

8.0692 

0.1080 

0.088684 

13.911 

1.86 

0.07189 

leo 

438 

6.9002 

0.1888 

0.031999 

13.856 

2.62 

0.07317 

180 

468 

11.00 

0.8886 

0.080328 

13.738 

4.86 

0.07379 

900 

478 

19.90 

0.6712 

0.028703 

18.676 

8.66 

0.07866 

230 

498 

84.70 

0.9418 

0.027142 

13.381 

14.89 

0.07478 

240 

618 

68.82 

1.6088 

0.025662 

13.169 

34.83 

0.07699 

960 

638 

96.78 

2.8448 

0.024386 

13.918 

40.07 

0.07741 

280 

658 

166.17 

3.6526 

0.023894 

13.660 

68.00 

0.07898 

800 

678 

242.16 

6.2862 

0.031634 

13.890 

96.33 

0.08071 

820 

698 

868.78 

7.6302 

0.030433 

13.110 

143.20 

0.08367 

840 

618 

648.86 

10.676 

0.019387 

11.833 

207.90 

0.08468 

860 

633 

797.74 

14.630 

0.018314 

11.639 

394.96 

0.08678 

880 

668 

1189.66 

19.603 

0.017800 

11.333 

410.48 

0.08908 

400 

678 

1587.96 

25.795 

0.016244 

10.933 

556.78 

0.09147 

420 

698 

2177.63 

83.406 

0.016341 

10.631 

743.40 

0.09406 

440 

718 

2938.99 

42.499 

0.014486 

10.838 

971.78 

0.09683 

460 

738 

8888.14 

63.186 

0.018679 

10.037 

1350.34 

0.09978 

480 

758 

6072.48 

66.520 

0.012917 

9.736 

1683.19 

0.10281 

600 

778 

6620.26 

79.684 

0.012198 

9.429 

1971.67 

0.10606 

620 

793 

8264.96 

96.204  • 

0.011619 

9.134 

3431.18 

0.10947 

Englitih  Units. 


%i 

Absolute 

Pressure 

dp 

II 

Tempera- 
tore, 

in 

inches 

mercury, 

di 
in  inches 

dp 
•  pdt 

^  pdt 

u      "^^  di 

^=* 

fifi 

T 

P 

mercury. 

284 

748.4 

0.13044 

0.003862 

0.018718 

13.911 

0.15381 

0.07189 

830 

779.4 

0.28229 

0.004129 

0.017777 

18.855 

0.3944 

0.07317 

856 

816.4 

0.48808 

0.007296 

0.016849 

18.738 

0.64498 

0.07379 

892 

861.4 

0.78847 

0.013493 

0.016946 

18.576 

0.9731 

0.07866 

438 

887.4 

1.8661 

0.020599 

0.016079 

13.381 

1.6781 

0.07473 

464 

928.4 

2.8157 

0.033001 

0.014251 

13.159 

2.789 

0.07699 

600 

959.4 

8.8083 

0.051276 

0.018465 

13.918 

4.5025 

0.07741 

636 

995.4 

6.1091 

0.077703 

0.012719 

13.660 

7.0793 

0.07898 

672 

1031.4 

9.5836 

0.11468 

0.012018 

12.890 

10.813 

0.08071 

608 

1067.4 

14.617 

0.16470 

0.011345 

13.110 

16.091 

0.08267 

644 

1103.4 

21.588 

0.38133 

0.010691 

11.833 

23.361 

0.08468 

670 

1139.4 

31.407 

0.81781 

0.010119 

11.5*29 

38.144 

0.08678 

716 

1176.4 

44.868 

0.42874 

0.009565 

11.333 

46.135 

0.08903 

763 

1211.4 

63.618 

0.66430 

0.0090345 

10.933 

63.658 

0.09147 

788 

1247.4 

85.730 

0.78065 

0.0086338 

10.631 

83.431 

0.09406 

824 

1288.4 

116.61 

0.92956 

00080473 

10.838 

109.19 

0.09682 

860 

1819.4 

158.07 

1.1638 

0.0076995 

10.037 

140.49 

0.09978 

896 

1855.4 

199.70 

1.4831 

0.0071761 

9.736 

177.79 

0.10281 

982 

1891.4 

256.70 

1.7896 

0.0067765 

9.439 

331.64 

0.10606 

968 

1437.4 

826.40 

2.0833 

0.0063995 

9.184 

373.06 

0.10947 
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Sjltubatbd  Steam  of  Gasbonio  Acdo. 
French  Units. 


!• 

AbMlate 

Pr«flmre 

dp 

|l 

Tempera- 
tnra. 

in  milli- 
meters 

di 

dp 

rdP 

-  =  ^r^ 

^-* 

II 

mercuiy, 

in  milllmet's 

pdt 

pdt 

u            dl 

r      ^ 

T 

P 

mercnrjr. 

-d6 

248 

18007.02 

899.64 

0.080725 

7.620 

8178.42 

0.18124 

-20 

253 

15142.44 

456.68 

0.080156 

7.629 

3704.91 

0. 18107 

-15 

258 

17582.48 

518.66 

0.029499 

7.611 

4291.88 

0.18189 

-10 

268 

20840.20 

585.19 

0.028770 

7.566 

4985.58 

0.18216 

-    5 

268 

23441.84 

656.01 

0.027985 

7.500 

5688.04 

0.18888 

0 

278 

26906.60 

780.70 

0.027157 

7.414 

6897.22 

0.18488 

+    6 

278 

80753.80 

808.70 

0.026296 

7.810 

7209.74 

0.18679 

+  10 

288 

84998.65 

889.42 

0.025418 

7.192 

8072.08 

0.18904 

+  15 

288 

89646.86 

972.06 

0.024518 

7.061 

8977.87 

0.14168 

+  20 

298 

44716.58 

1055.98 

0.028615 

6.919 

9922.80 

0.14452 

+  25 

298 

50207.82 

1140.81 

0.022712 

6.768 

10897.49 

0.14775 

+  80 

803 

56119.05 

1224.18 

0.021814 

6.610 

11895.86 

0.15129 

+  85 

808 

62447.80 

1806.77 

0.020926 

6.445 

12907.86 

0.15515 

+  40 

818 

69184.45 

1887.22 

0.020051 

6.276 

18924.86 

0.15934 

+  45 

818 

76814.60 

1464.71 

0.019198 

6.108 

14987.11 

0.16884 

English  Uniis. 


ll 


18 
4 
5 

14 


+ 
+ 
+ 


+  82 
+  41 
+  50 
+  59 
+  68 


+  77 
+  86 
+  95 
+104 
+  118 


Abeolute 

Tempen- 

tnre, 


446.4 
455.4 
464.4 
473.4 
482.4 


491.4 
500.4 
509.4 
518.4 
527.4 


686.4 
545.4 
554.4 
568.4 
572.4 


Pretture 

in 

inches 

merenrj, 

P 


512.09 

596.16 

692.28 

800.8 

922.9 


1059.8 
1210.8 
1877.9 
1560.9 
1760.5 


1977.0 
2209.4 
2458.6 
2728.8 
8004.6 


dt 

in  inches 
mercttiy. 


8.7411 
9.9876 
11.844 
12.799 
14.848 


15.9*^2 
17.688 
19.494 
21.261 
28.097 


24.941 
26.776 
28.582 
80.842 
82.086 


dp 

r* 

pdt 

^pdt 

0.017069 

7.620 

0.016758 

7.629 

0.016888 

7.611 

0.015988 

7.566 

0.015547 

7.500 

0.015087 

7.414 

0.014609 

7.310 

0.014118 

7.192 

0.018621 

7.061 

0.018119 

6.919 

0.012618 

6.768 

0.012119 

6.610 

0.011625 

6.445 

0.011189 

6.276 

0.010668 

6.108 

«     dt 


857.15 
416.81 
482.21 
554.60 
688.58 


718.84 

810.18 

907.04 

1008.82 

1114.94 


1224.52 
1886.61 
1450.87 
1564.64 
1678.44 


4E? 

r 


0.181S4 
0.18107 
0.18189 
0.18216 
0.18888 


0.18488 
0.18679 
0.18904 
0.14162 
0.14452 


0.14775 
0  15129 
0.15515 
0.15084 
0.16884 


CHAPTER  XrX. 

OTHEB  OHANaES    09    CONDITION    OF    STEAH    AND    LIQUID  MIXTDBESy 

OF  PBACnOAL  IMPOBTANGE. 

L  The  Deportment  of  Steam  and  Liquid  Mixtures,  when  Heat  is 
Imparted  or  Abstracted  under  Constant  Vdume. — Suppose  1  kilo- 
gram of  steam  and  liqtiid  inclosed  in  a  vessel,  of  which  x  kilo- 
grams are  steam  and  1  —  x  liquid.  The  temperature  of  the 
mixture  is  t  and  the  pressure  p.  The  specific  volume  v  of  the 
mixture  is  then 

t;  =  ojw  +  (T. 

Let  now  heat  be  imparted  or  abstracted.  The  temperature 
is  then  ^,  the  pressure  pu  and  the  specific  steam  quantity  is  a^. 
For  the  final  specific  volume  we  have 

Vi  =  XiUi  +  <r. 

If  now,  the  volume  is  kept  constant  or  t;  =  t;i, 

XU  +  <r=^  a^Ui  +  (T, 
hence  the  weight  of  steam  at  the  end  of  the  operation  is 

x,  =  -x (XXXIV.) 

EXAICPLE. 

Sappofle  we  haTe  in  a  vessel  a  mixture  of  G  kilograms  of  water  and  steam  of 
which  0.8^  are  steam,  and  0.26^  water.  The  pressure  is  1.5  atmospheres.  What 
will  be  the  specific  steam  weight  x^  when  the  steam  has  lost  so  much  heat  that 
the  pressure  is  ovXy  i^jth  of  an  atmosphere  ? 
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For  H  atmospheres  u=   1.126  (Table  n.) 

"   -Ai  "  tt=  14:651, 

hence 

«i  =  Tr^  X  0-S  =  0.0774  x  0.8  =  0.06192  kUograma. 

14.001 

Hence  the  entire  steam  quantity  at  the  end  is  0.06196^  kilograms,  and  the 
water  quantity  is  (1  -  0.0619)(?  =  0.98816^  Idiograms.  There  is  then  a8- 
0.0619  =  0.73816'  kilograms  of  steam  condensed.  For  Knglish  units  the  ie6alt 
is  the  same. 

What  is  the  amount  of  heat  Q  which  must  be  imparted  or 
abstracted  from  the  mixture  per  kilogram  ? 

Since,  in  this  case,  there  is  no  outer  work,  all  changes  affect 
only  the  inner  work.  If  then  q  is  the  heat  of  the  liquid,  p  the 
inner  vaporization  heat  at  the  beginning,  and  qi  and  pi  at  the 
end, 


=  J  —  g'l  +  a?M 


EXAMPLE. 


(£-g).    .    (XXIT.) 


What  is  the  amount  of  heat  abstracted  in  the  preceding  example  ? 
For  1^  atmospheres 

q  =  112.41  ^  =  438. 

For  fir  atmosphere  gi  =  46  J^  —  =  87, 

Hence    Q  =  112.41  -  46.28  +  0.8  x  1.126  (488  -  87)  =  66.18  +  0.9  x  896 
=  422  heat  units  per  kilogram. 

For  English  units  we  have  q  =  202.88  -  =  48.6  ;  ^i  =  88.8  ~  =  4.16 ; 

u  =  18.08  ;  and  hence  Q  =  760  heat  nnits  per  pound. 

The  preceding  finds  application  in  the  condenser  of  a  steam 
engine.  Let  AB,  Fig.  78,  be  the  steam  cylinder,  C  the  piston,  EF 
the  condenser  communicating  with  ji^Sby  the  pipe  and  cock  D. 
In  steam  engines,  usually,  communication  of  the  cylinder  with 
the  condenser  is  opened  before  the  end  of  the  stroke.  Thus, 
for  example,  when  the  piston  is  at  0,  and  still  going  up,  com- 
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munication  may  be  opened.     Immediately  the  hot  steam  of 
high  pressure  in  the  cylinder  mixes  with  the  colder  steam  of 

lower  pressure  in  the  condenser,  so  that  al- 
most at  once  there  is  a  medium  pressure  in 
both  vessels.  We  shall  see  presently  how  to 
calculate  this  medium  pressure.  Since  now 
the  condenser  is  kept  always  cool  either  by 
water  applied  on  the  outside  (surface  conden- 
sation), or  by  water  injected  (jet  condensation), 
this  mean  pressure  quickly  sinks,  owing  to 
the  abstraction  of  heat,  and  we  may  assume 
that  this  fall  of  pressure  takes  place  while  the 
piston  hovers  at  the  end  of  its  stroke.  Heat  is 
thus  abstracted  under  constant  volume.  The 
steam  in  the  entixe  space  (cylinder  and  con- 
denser) has  now  only  the  pressure  correspond- 
ing to  the  temperature  of  the  condenser,  and 
the  cylinder  sides  are  kept  hot  This  was,  as  we  know,  the 
reason  which  led  Watt  to  employ  separate  condensation,  and 
it  constitutes,  indeed,  the  chief  vidue  of  his  discovery,  regarded 
from  an  economical  stand-point. 

The  question  arises,  how  many  kilograms  of  cooling  water 
are  necessary  for  each  kilogram  of  mixture  in  our  last  example, 
if  this  water  is  heated,  from  say,  ^  =  15°  to  ^i  =  35°  ?  We  have 
from  Equation  IL,  page  390,  for  the  heat  of  the  liquid  at  15°, 
^  =  16.006,  and  for  that  at  35°,  g"  =  36.037.  11  Ox  kilograms  of 
water  are  required  for  abstracting  the  422  O  heat  units,  we  have 


Fw.  la 


Ox  (35.037  - 15.006)  =  422(?, 

and  hence  the  ratio  of  the  weight  of  cooling  water  to  that  of 
the  steam  is 


422 


422 


G^L-  ^ 

0  "  85.037  - 16.005  ""  20.032 


=  21. 


Let  us  now  investigate  what  amount  of  heat  should  be 
imparted  to  a  mixture  of  steam  and  Uquid  in  order  that  the 
pressure  and  temperature  may  rise  to  a  certain  point 

Let  the  initial  steam  weight  be  again  xO  kilograms,  the 
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water  weight  (1  —  a;)  (7  kilograms.  At  the  end  of  the  heat  ad- 
dition let  there  h^  XiG  kilograms  of  steam,  and  (1  —  x{) G  of 
liquid.  In  the  beginning  let  the  heat  of  the  liquid  be  q  and  the 
inner  latent  heat  p ;  at  the  end,  qi  and  Pi.  Then  we  have  for 
the  amount  of  heat  imparted,  for  each  kilogram 

C  =  ?i  —  ?  +  *^  (—  ""  — )  teat  units, 
or  for  O  kilograms 

Q=^\qx-q-{-ux  (-^-■^^1G  heat  units. 

By  the  aid  of  this  formula  we  can  solve  a  question  of  great 
practical  interest,  yiz. : 

In  what  time  imU  the  pressure  of  steam  in  a  hoUer  rise  by  a  cer^ 
tain  amount  {say,  to  double  or  treble),  when  from  a  given  instani  no 
more  steam  is  draum  off? 

Let  us  assume  that  there  are  Q^  heat  units  imparted  every 
minute  to  the  boiler,  and  that  at  the  moment  of  closing  the 
valye,  there  are  xO  kilograms  of  steam,  and  after  Z  minutes 
there  are  XiG  kilograms ;  the  initial  pressure  being j9,  and  that 
after  Z  minutes  Pi.  Since  in  Z  minutes  ZQf^  heat  units  are  im- 
parted, we  have 

ZQ„,=  Qu    or    ^=%. 

Vm 

If  in  place  of  Qi  we  insert  the  yalue  above,  we  have 

This  expression  may  be  simplified.    From  page  490, 
G  1 

(XXXYL) 

Now,  {qt  —  g)  (7  is  the  excess  of  the  sensible  heat  over  that 
at  the  beginning,  and  {f>iXi  —  fxr)  G  is  the  excess  of  the  inner 
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latent  heai  Since,  however,  pi  and  p  differ  by  less  than  qi  and 
g,  and  the  steam  weights  x  and  x^  are  very  small  compared  to 
the  entire  weight  O  of  water  and  steam,  especially  when  we 
remember  that  the  boiler  is  about  |ds  fall  of  water,  we  can 
neglect  {f>iXi  —  px)  0  in  comparison  with  (ji  —  j)  (?,  and  then 

Z=-^{q,-q)  .    .    .    (xxxvn.) 

If  c  is  the  mean  specific  heat  of  water,  and  ^1  and  t  the  initial 
and  final  temperatures,  we  have  very  nearly 

Z=-^{h-t)c.    .    .    (XXXYHL) 

This  very  simple  expression  shows,  that  the  time  in  which 
the  pressure  or  temperature  of  the  steam  in  the  boiler  rises  by 
a  certain  amount  is  proportional  to  the  weight  of  the  water,  or 
capacity  of  the  boiler,  as  well  as  to  the  difference  of  tempera- 
ture, and  inversely  proportional  to  the  heat  (Qm)  imparted. 

This  is  in  fact  evident,  for  it  is  clear  that  the  time  within 
which  the  temperature  rises  a  certain  amount  must  be  greater 
the  greater  the  weight  of  the  entire  mixture,  and  that  for  this 
rise  of  temperature  less  time  will  be  required  the  more  heat  is 
imparted  in  a  unit  of  time. 

The  heat  imparted  to  a  given  mass  of  water  in  a  unit  of  time 
depends,  however,  also  upon  the  extent  of  heating  surface, 
as  well  as  upon  the  intensity  of  the  heating.  The  first  consists, 
in  every  boiler,  of  two  parts,  the  direct  and  indirect  heating 
surface.  The  direct  heating  surface  is  that  directly  in  contact 
with  the  fire,  the  indirect  is  that  in  contact  with  the  heated 
gases.  Boilers  which  are  required  to  generate  steam  quickly, 
and  yet  not  hold  much  water,  such  as  locoi&otive  boilers,  etc, 
possess  a  relatively  great  direct  heating  surface.  The  same 
weight  of  water  thus  receives  in  the  same  time  a  much  greater 
amount  of  heat  than  in  boilers  where  the  direct  heating  surface 
is  small  in  comparison  to  the  indirect,  and  which  are  therefore 
larger  and  contain  more  water,  as  in  stationary  engines.  In  a 
locomotive  boiler,  therefore,  the  steam  pressure  riaes  much 
quicker  than  in  that  of  a  stationary  engine. 

We  may  illustrate  the  preceding  by  an  example. 
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EXAMPLE. 

The  heating  surface  of  a  oylindrical  steam  boiler  is  18  square  meters  (or 
198.75  sq.  feet;  acoording  to  Zeuner,  it  is  about  15  H.  P.).  The  contents  are  11 
cubic  meters  (or  S88.48  cubic  feet),  of  which  0.6  are  water  and  the  rest  steam. 
When  the  engine  is  in  ordinary  action,  the  boiler  generates  cTerj  hour  26  kilo- 
grams (or  55.115  pounds)  of  steam  for  every  square  meter  of  heating  surfacei  of 
6  atmospheres'  pressure.  In  how  many  minutes  will  the  pressure  rise  to  10  atmos- 
pheres ?    First  we  have  for  the  steam  weight  generated  per  minute, 

H^  =  7.6  kilogram.. 
oU 

108.75  X  55.115      ,^  ^^.  , 

or  — =  16.584  pounds. 

If  this  steam  is  generated  from  water  at  15""  (or  50**  Fahrenheit),  we  can  easUj 
calculate  the  heat  units  necessary  for  its  generation. 

Since  in  the  present  case  (when  the  machine  is  in  motion)  the  heat  has  to 
perform  outer  work  as  weU  as  inner,  we  have  for  the  total  heat  which  must  be 
imparted  in  order  to  raise  1  kilogram  of  water  at  t  degrees  into  1  Idlogiam  of 
steam  at  U  d^rees, 

Tr=  ji  —  g  +  r  =  gi  —  (^  +  /{>  +  Apu. 

In  our  case  /i  =  152.3,  qx  =  158.74,  q  =  15.005,  p  =  454.99,  and  Apu  =  44.19. 
Hence  W-  158.74  -  15.005  +  454.99  +  44.19  =  687.92  heat  units. 

or  W=  276.78  -  27  +  818.99  +  79.54  =  1148.28  heat  units  English. 

For  7.5  kilograms,  therefore,  we  must  have 

7.5  X  687.92  r=  4784.5  heat  units, 
or  16.534  x  1148.26  =  18980.74  heat  units  English. 

This  is  then  the  heat  imparted  per  minute  to  the  water.  It  represents  Qm  in 
Equation  XXXYI.  Since,  further,  the  contents  of  the  water  space  is  0.6  x  11 
=  6.6  (or  288  cubic  feet),  the  water  weight  is  =  6600  kilograms  (or  14562.5 
pounds).  The  steam  weight  can  be  disregarded,  and  we  have  thus  G  =  6600 
kilograms.    If  now  we  take  e  =  1.022,  we  have 

or  ^=5  l^n^^^'^  ""  ®^'^^  ^  ^•^^' ' 

where  180  81  is  the  temperature  of  the  water  at  10,  and  152.22  that  at  5  atmos' 
pheres.    We  have,  therefore, 

Z  =  89.71  minutes. 

If  we  assume  that  a  locomotive  boiler  furnishes  in  the  same  time  8.8  times  as 
much  steam,  which  is  in  general  not  far  from  correct,  the  time  in  raising  the 
pressure  from  5  to  10  atmospheres  is  only 

89.71      -rt     •     i. 
-5-5-  =  12  mmutes. 
0.0 
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Fairbaim  found  the  time  required  to  raise  the  water  of  a 
locomotive  boiler  from  ^  to  ^^  to  be  given  by  the  empirioal  for- 
mula 

Z=  0.405(^-0, 

where  Z  is  the  number  of  minutes.  If  we  take  t^  =  180.31  and 
t  =  162.22y  we  have 

Z  =  0.405  X  2a09  =  1L38  minutes, 

which  agrees  well  with  our  result 

We  should  bear  in  mind,  that  the  steam  pressure  increases 
in  a  much  more  rapid  ratio  than  the  temperature,  and  hence 
in  a  boiler  with  high  pressure  less  time  is  necessary  for  a  cer- 
tain increase  than  in  a  boiler  with  low  pressure.  Thus,  for  in- 
stance, let  us  suppose  the  normal  pressure  in  the  preceding 
example  to  be  9  instead  of  5  atmospheres,  and  then  see  how 
many  minutes  {Z)  are  necessary  for  a  rise  of  5  atmospheres, 
from  9  to  14.  We  have  now  for  ^,  195.53,  and  t  =  178.02 ;  hence 

Z^-^^  (195.53  -  17a02)  x  1.022  =  24.7  minutes, 

or  much  less  time  than  in  the  first  case.  In  order  to  conclude, 
therefore,  whether  the  empirical  formula  of  Fairbaim,  applied 
to  locomotives,  gives  residts  in  accord  with  our  formula,  we 
must  know  for  what  mean  pressures  it  is  made  out. 

It  is  also  easy  to  see  from  our  tables  that  an  increase  of 
pressure  of  double,  treble,  etc.,  takes  place  in  a  shorter  time 
for  low  pressures  than  for  high. 

The  preceding  calculations  show  that  the  time  in  which  the 
pressure  in  the  boiler  of  a  stationary  engine  increases  to  double 
or  treble  when  the  steam  pipe  is  closed,  and  the  steam  genera- 
tion is  as  when  in  use,  is  tolerably  great,  even  when  heat  is  im- 
parted as  during  ordinary  action  of  the  engine.  If,  when  the 
engine  is  not  in  action,  the  fire  is  left  to  itself  and  only  fed 
enough  to  keep  it  going,  the  time  will  be  much  greater.  In 
stationary  engines,  then,  there  is  less  danger  of  explosion  from 
this  cause.    In  locomotives  and  such  boilers,  which  have  a 
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large  and  direct  heating  surface,  and  the  fire  is  kept  np  M, 
the  danger  is  greater. 

Mixture  of  Steam  QtumtUies  when  in  Different  CondiUona.—lji 
the  preceding  we  haye  considered  the  change 
of  condition  of  a  mixtnre  of  steam  and  liquid, 
tinder  constant  volame.  Let  us  now  consider 
two  vessels  containing  a  mixtnre  of  the  same 
kind,  but  haying  in  each  a  different  temperature, 
pressure,  etc 

Let  A  haye  the  yolume  Vy  and  B  the  yolume 
Vi.  Both  yessels  are  connected  by  the  cock  a. 
In  the  first  we  haye  xG  kilograms  of  steam  of 
the  temperature  t  and  pressure  p ;  in  the  sec- 
ond, XiGi  kilograms  of  steam  of  the  temperature 
ti  and  pressure  pi.  The  water  in  J.  is  then 
(L—x)G,  and  in  B  {l  —  Xi)Gi  kilograms.  As 
soon  as  the  cock  a  is  opened  the  steam  in  the 
yessels  mixes,  and  it  is  required  to  find  the 
final  condition  after  mixture,  when  heat  is  neither  added  nor 
taken  away. 

We  haye  ' 

V={xu  +  &)G    and     Vi  =  (a?i«i  +  &)0i. 
After  opening  the  cock,  the  total  yolume  is 

V^=V^  V,=  (x,n,  +  (r){G-^Gt\ 

where  x^  is  the  specific  steam  quantity  after  mixture. 
Hence 

(ajw  +  (t)  (?  +  (xiUi  +  <r)  (7i  =  (XiU%  +  <x)(G  +  GO, 

or,  after  reducing 

(0  +  G^i) scittt  =  Gxu  +  GiXiUi .    .    (XXXIX.) 

In  general,  Gi  may  be  expressed  in  terms'  of  G,  so  that 
Gi^nG.    We  haye  then 


(1  -f  n)  x%u%  =  a?M  +  nxiUi    ....    (XL.) 
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We  have  in  this  equation  two  unknown  quantities,  x^  and  u^ 
We  must  establish  another  equation  between  them. 

Let  the  heat  of  the  liquid  in  ^  be  7,  and  in  B^  qi,  and  the 
inner  latent  heats  p  and  pi.  Then  the  amount  of  heat,  measured 
in  heat  units,  in  the  first  vessel  is 

{q  +  xp)  (?, 
and  in  the  second 

(?i  +  xtPi)  Gi. 

After  mingling^  let  the  heat  of  the  liquid  be  q^  and  the  inner 
latent  heat  be  /o^    Then  1  kilogram  of  the  mixture  contains 

Qt  +  ^/^  beat  units. 

Since,  now,  we  had  in  A^  (7,  and  in  By  Oi  kilograms  of  water 
and  steam,  we  have  still  the  same  total  amount,  and  hence  the 
heat  contained  by  the  total  mixture  is 

( (?  +  Oi)  {q%  +  XiPi)  heat  units. 

Since  heat  is  neither  added  nor  abstracted,  we  must  have 

{G  +  Gi){qt  +  XtPt)  =^(q+xp)G  +  (ji  +  Xtfh)  Gy, 
or,  putting  Gi=^nGy 

(1  +  n)  (ft  +  xtf>z)  =  ?  +  ap  +  (ft  +  XiPi)n. 


Hence 


y.  +  0^  =  2_+5^+^L±^^ 


Since  all  the  quantities  on  the  right  are  known,  we  can  put 
the  expression  on  the  right,  for  the  sake  of  brevity,  equal  to  p, 
and  thus  have 

ft  +  a^Pi  =  «'. 
Further,  from  Equation  XL., 

__  xu  +  nXjUi 

'^'^"      1  +  n 
8S 
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GTy  denoting  the  expression  on  the  right  by  iTi 


hence 


a^  =  5. (XLL) 


32  +  — ^1  =  ^*    •     •    •    (XTiTT.) 


From  Table  IL  we  can  find,  by  trial,  the  yalnes  of  q%  and 

—  in  order  that  Ca  +  —  Pi  =  p.     As  soon  as  q%  and  —  are 

known  we  can  find  at  once  the  pressure  p^  and  temperature  U  oi 
the  specific  steam  weight  a^  that  is,  we  can  find  the  condition 
of  the  mixture  after  the  cock  is  opened.  An  example  will 
make  the  use  of  the  formula  clear. 


EXAMPLE. 

In  the  cylinder  A  we  have  G  kilograms  of  pare  saturated  steam  at  1.6  atmo§- 
pheres,  and  in  ^,  6^i  =  24.880(7  kilograms  of  water  and  steam  of  1^  atmosphere, 
of  which  0.0095  kilograms  are  steam.  What  is  the  condition  of  the  mixture  after 
the  cock  is  opened  ? 

For  the  pressure  1.5  atmospheres,  we  haye  from  Table  IL,  gr  =  lUu41, 
p  =  487.01,  and  t*  =  1.126. 

For  the  pressure  0.1  atmosphere  we  have 

qx  =  46.28,    py  =  588.86,  and  u  1  =  14.66. 
Also  n  =  24.88,  and  x^  =  0.0096.    Henoe 

_  1.126  4-  24.88  X  0.0095  x  1465      1.126  +  8.876      ^  .-, 
«,«,  =  *»  - 1  +  24.38 = 25:88 ="-^^- 

Also 

_  112.41  +  487.01  -t-  (41.28  -i-  0.0096  x  688.85)  x  24.88 

=  72.99  =  jr. 
Accordingly, 

g«  +  -^  X  0.177  =  72.99. 

Now  from  Table  II.,  after  a  few  trials,  we  hit  upon  q^  =  00.699  for 
•^  z=  70,  and  these  substituted  give 

60.69  +  70  X  0.177  =  60.59  +  12.89  =  72.98, 
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a  TBlue  almost  exactly  equal  to  72.09.  The  heat  of  the  liquid  {q^  after  the 
mingling,  is  then  60.69  heat  units.  Hence,  from  the  table,  the  temperature  U 
is  60.4^,  and  the  pressure  pt  is  0.2  atmosphere.  Since  for  this  pressure  u t  =7.542, 
we  have  from  XLL,  for  the  steam  weight  in  each  kilogram 

Before  the  mingling,  we  had  in  ^,  (?  kilograms  of  steam  and  no  water,  and 
inB,  ^iG",  =0.0095  X  24.88(7  =  0.28166^  kilograms  steam  and  (1-0.0095) 
24.886^  =  24.148a  kilograms  of  water. 

In  both  vessels,  then,  the  total  steam  quantity  was 

(1  +  O.2810)(7  =  1.28166"  kilogranuu 
After  mingling,  the  steam  weight  is 

x^Q  +  a;,(7i  =  x^Q{l  +  24.88)  =  (7  x  25.88  x  0.0284  =  0.5966"  kilograms. 

Henoe 

(1.2816  -  0.696)6"  =  0.68566  kilograms 

of  steam  have  been  condensed. 

We  can  also  find  the  ratio  of  the  volumes  of  the  two  vessels.  If  the  volume 
of  ui  is  Fand  of  ^  is  Fi,  we  have 

F  :  F,  =  (7(aw  +  <0  :  ^i(«i«*i  +^    •    •    •    (XLm.) 
=  am  + tf  :  24.88(a;i«i  +  d) 
=  1.127  :  8.888 
=  1  to  8  very  nearly. 

The  preceding,  together  with  what  has  been  said  on  page  448 
and  the  following,  forms  the  basis  of  the  theory  of  the  con- 
denser. We  have  already  referred  to  the  action  of  this  appa- 
ratus. We  noticed  that  the  cylinder  was  pnt  in  communication 
with  the  condenser,  when  the  piston  is  near  the  end  of  its 
stroke.  We  have,  then,  a  sudden  mixing  of  the  hot  and  high 
pressure  cylinder  steam  with  the  colder  and  lower  pressure 
condenser  steam.  The  above  calculation  includes  this  case. 
It  shows  how,  from  the  pressure  of  the  cylinder  steam  and  the 
condenser  steam,  we  can  find  the  mean  pressure  of  the  steam 
in  both  vessels.  This  pressure  then  &Ils  rapidly  down  to  that 
of  the  condenser,  by  reason  of  the  cooling  produced  by  the  jet 
or  by  the  surrounding  water.  The  calculations  in  the  first 
part  of  this  chapter,  then,  enable  us  to  calcxdate  the  heat  thus 
abstracted,  under  constant  volume. 
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11  tbe  condenser  is  fitted  with  a  gauge,  we  slionld  see,  at  the 
moment  of  communication  with  the  cylinder,  a  sndden  rise  of 
pressure,  lasting  but  for  an  instant,  and  then  a  quick  return  to 
the  condenser  pressure. 

It  will  now  be  easy  to  give  a  complete  theory  of  the  eon- 
denser.  There  are  two  kinds  in  use.  The  first  presents  a 
yery  great  surface  which  is  continually  in  contact  with  water, 
so  that  it  is  kept  cooL  The  steam  is  condensed  without  coming 
into  direct  contact  with  the  water.  This  is  called  the  surface 
condenser.  The  other  consists  of  a  yessel,  not  only  sur- 
rounded by  cold  water,  but  into  which  cold  water  is  injected. 
The  steam  is  thus  condensed  by  direct  contact  and  mixtuie 
with  the  water.  It  is  called  the  jet  condenser.  In  the  first,  we 
have  only  to  cause  a  circulation  of  water  by  means  of  a  pump, 
and  by  means  of  another  pump  to  restore  the  condensed  steam 
to  the  boiler,  and  if  there  is  no  loss  by  leakage  of  steam,  we 
have  a  complete  cycle  process.  In  the  jet  condenser,  we  have 
not  only  to  remove  the  condensed  steam  but  also  the  water  in- 
jected. Since  this  is  in  weight  sometimes  more  than  20  times 
that  of  the  steam,  the  pump  must  be  much  greater  than  for 
the  surface  condenser.  The  injection  water  also  contains  air, 
which  must  also  be  removed  by  the  pump.  For  this  reason  it 
was  called  by  Watt  the  '^  air  pump." 


QUESTIONS  FOB  EXAMINATION. 

If  hett  li  Imputed  to  or  abstracted  from  a  mixtare  of  steam  and  water,  the  volume  of  irtifch 
remains  constant,  what  is  the  new  weight  of  steam  f  What  is  the  heat  Imparted  or  alMtrsdedf 
What  amoont  of  heat  should  be  imparted  to  a  mixture  of  steam  and  water  in  order  that  the 
pressure  and  temperature  may  rise  to  a  certain  point  f  In  what  time  wUl  the  pressore  of  stem 
in  a  boiler  rise  by  a  certain  amount,  when  no  more  steam  is  drawn  off  ?  If  in  two  Teasels  oom- 
municating  by  a  cock,  we  have  mixtures  of  steam  and  water  of  giren  preesore,  show  how  to  ted 
the  condition  of  the  mlxtoie  after  the  cock  is  opened. 


CHAPTER  XX. 


THEOBY  OF  THE  CONDENSER. 


A.  Theoby  of  the  Sxjbface  Condenbeb. 


When  the  piston  K  has  reached  the  tipper  end  of  its  stroke, 
the  slide  8  has  opened  the  port  o,  and  the  steam  escapes  into 

the  condenser  CD;  at  this  moment^ 
therefore,  the  cylinder  steam  mixes 
with  the  low  steam  in  the  condenser. 
The  pressure  in  both  spaces  may  thus 
rise  to  double  the  ordinary  pressure 
in  CD.  We  can  calculate  it  as  in  the 
preceding  chapter.  But  now,  while 
the  piston  lingers  at  the  end  of  its 
stroke,  the  pressure  falls  by  reason  of 
the  cooling  effect  of  the  condenser. 
Heat  is  abstracted  under  constant  vol- 
ume, and  we  can  find  the  final  condi- 
tion, as  well  as  the  heat  abstracted, 
from  Equation  XXXY.  Then  the  pis- 
ton K  descends,  and  drives  the  steam 
in  the  cylinder,  now  at  the  condenser 
pressure,  under  that  pressure,  into  the 
condenser.  Here,  then,  we  have  mechanical  work  under  con- 
stant pressure.  This  work  is  transformed  into  heat,  and  this 
heat  is  also  absorbed  by  the  condenser. 
We  see,  therefore,  that  in  every  stroke  there  are  three  stages : 
Isi  Mixture  of  cylinder  with  condenser  steam,  and  the  at- 
tainment of  a  mean  pressure. 

2d.  Lowering  of  this  pressure  by  cooling  xmder  constant 
volume, 
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3d.  Abstraction  of  heat  under  constant  temperature,  whfle 
the  low  cylinder  steam  is  forced  into  the  condenser. 

If,  therefore,  we  suppose  in  the  cylinder  ABy  before  opening 
of  the  port,  0  kilograms  of  steam  and  water,  we  have,  in  each 
kilogram  of  the  mixture,  x  kilograms  of  steam  and  1  —  x  kilo- 
grams of  water.  The  steam  quantity  in  AB  is  then  xG  kilo- 
grams, and  the  water  quantity  {I  —  x)  O  kilograms. 

If  we  had  only  pure  saturated  steam,  we  should  have  a;  =  1, 
and  the  steam  quantity  in  the  cylinder  would  be  Q  kilograms. 

Suppose  we  have  in  the  condenser  (7i>,  before  the  mingling, 
(7i  kilograms  of  steam  and  water,  and  in  every  kilogram  of  the 
mixture  x^  kilograms  of  steam  and  \  ^  Xioi  water.  The  steam 
weight  in  the  condenser  is  then  XiO^  and  the  water  weight 

As  soon,  now,  as  we  know  the  pressure  of  the  steam  in  ihe 
cylinder  and  in  the  condenser,  we  can  find,  according  to  the  pre- 
ceding chapter,  the  condition  of  the  steam  in  both  spaces  after 
the  port  is  opened.    We  have 

Oxu  +  OiXiUi 
and 

If,  as  before,  we  denote  the  fraction  on  the  right  in  the  first 
equation  by  ;ri,  and  in  the  second  by  zr,  we  have 


and 


a^«»  =  ^i,    or    ai  =  ^, 


and  thus,  by  a  few  trials  with  the  table,\can  find  gj  and  the 
pressure  pi  and  the  temperature  t^  of  the  mixture  directly  the 
port  is  opened.  This  pressure^  is,  of  course,  greater  thanj>i 
and  less  than  p. 

Heat  now  is  abstracted  from  the  mixture,  until  the  pressure 
sinks  irompiixypi.  In  order  to  find  this  heat  we  have  Equa- 
tion XXXV. 
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In  order  to  impart  to  1  kilogram  of  steam  and  water,  of  whicli 
X  kilograms  are  steam,  whose  temperature  is  t  and  pressure  p^ 
a  pressure  pi  and  temperature  ^  we  must  add  a  quantity  of 
heat  (or  subtract)  equal  to 

or 

If  we  have  in  the  beginning  Q  ■¥  Ox  kilograms,  at  the  press- 
ure pi  and  temperature  t^  the  steam  weight  per  kilogram  being 
a:^  and,  by  abstracting  heat,  reduce  the  pressure  to^  and  the 
temperature  to  ^  then  we  have 

Qi  =  [ft  -  <?!  +  a^«,  (-g  - -g)]  (fl"  +  (^i), 
or 

Qi  =  (?2  +  av%)  (fl^  +  0,)  -  (ft  +  x,u^Q  {G  +  Gi). 

If,  as  on  the  preceding  page,  we  put 

(?3  +  ^fh)  {G  +  Gi)  =  {q  +  xp)  G  +  (ft  +  Xxpt)  Gu 
and 

XiV^{G  +  Gi)  =  Gxu  +  GiXitCi, 
we  have,  after  reducing 

The  difference —  denotes  the  excess  of  inner  latent 

u        Ui 

heat  of  1  cubic  meter  of  steam  in  the  cylinder  AB  before  the 
port  is  opened,  above  that  possessed  by  1  cubic  meter  of  steam 

in  the  condenser.    The  product  ^m  (  —  —  — )  G^  is,  therefore, 

the  excess  of  the  inner  latent  heat  possessed  by  the  entire  steam 
Tolume  in  the  cylinder,  before  the  port  is  opened,  oyer  that  in 
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the  condenser.  In  like  manner,  (g  —  qij  G  is  the  excess  of  sen- 
sible heat  of  the  mixture  in  AB  oyer  that  in  the  condenser.  In 
other  words,  the  entire  expression  on  the  right  gives  the  ex- 
cess of  heat  in  the  mixture  in  AB  before  the  port  is  opened 
over  that  in  CD.  The  heat  quantity,  therefore,  which  must  be 
abstracted,  after  the  mingling,  from  the  entire  contents  of  both 
yessels,  in  order  that  the  pressure  'p^  may  sink  to  the  condenser 
pressure  j^i,  is  equal  to  that  which  would  have  to  be  withdrawn 
from  the  contents  of  AB  before  the  mingling,  in  order  to  re- 
duce the  pressure  from  jp  to  jc^i.  This  is,  in  fact^  eyident,  for  if 
we  first  abstracted  this  heat  from  the  mixture  in  AB  and  then 
opened  communication  with  the  condenser,  the  final  condition 
would  remain  unchanged.  The  course  which  we  haye  followed, 
howeyer,  corresponds  perfectly  to  the  actual  changes  whidi 
take  place,  and  explains  why  we  haye,  at  each  stroke  of  the 
piston,  sudden  yariations  in  the  condenser  gauge. 

We  come  now  to  the  third  part  of  the  process,  the  abstrac- 
tion of  heat  under  constant  temperature,  while  the  now  low 
pressure  steam  in  the  cylinder  is  driyen  out  under  constant 
pressure  into  the  condenser. 

The  yolume  of  the  cylinder  AB  is 

G  {xa  +  (f)  cubic  meters, 

or  if  (f  is  yery  small  in  comparison  to  ocu^ 

Gxa. 

The  inner  latent  heat  in  eyery  cubic  meter  of  steam  after  the 
mingling  is  — ;  in  Gxu  cubic  meters  we  haye  then 

Gxu^. 

This  heat  must  be  abstracted.  Ti  we  suppose  the  piston  K 
to  haye  an  area  of  1  square  meter,  the  distance  through  which 
it  must  go  is  Gxu  meters^  In  forcing  the  steam  then  under 
constant  pressure  pi  into  the  condenser,  the  work  performed  is 
Gxupi^  and  this  corresponds  to  the  heat  A  Gxupi. 
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H^oe  in  this  third  period  we  must  abstract 

Qt  =  Oxu  -^  +  ChcuApi  =  Oxu  ( -^  +  Api)  heat  miits. 
The  total  heat  abstracted  is  then 

=  [s'-ft  +  a?w(|  +  4Pi)]G^-    •    •    (XLIV.) 

This  formula  can  be  simplified.  If  we  suppose  at  first  only 
pure  saturated  steam  without  water,  x=l,  also  Api  is  yery 
small  and  may  be  neglected,  and  then  we  haye 

0=  (?-?!  + A>)<?- 
Since  g  +  p  is  the  **  steam  heat "  J,  we  haye  also 

For  low  temperatures  we  can  assume  that  ^i  is  equal  to  the 
temperature.  If,  then,  instead  of  qi  we  insert  the  temperature 
of  the  condensed  steam,  or  generally  the  mean  temperature  of 
the  condenser,  ^,  we  haye 

Q  =  {J—  ti)  0  heat  units. 

If  we  assume  that  we  require  for  condensing  the  steam,  n 
times  as  much  cold  water  as  steam,  and  if  the  temperature  of 
this  water  is  raised  from  /q  to  ti  degrees,  where  t^  is  always  less 
than  ^,  then  the  heat  absorbed  by  the  water  is,  proyided  that 
we  again  put  the  temperature  in  place  of  the  heat  of  the  liquid, 

We  haye,  therefore, 
or 

•=r^ (^^j 

As  the  steam  heat  J  tor  those  temperatures  which  occur  in 
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the  steam  engine  varies  but  little  (it  varies  hardly  23  heat 
nnits  between  100°  and  200°),  we  may  take  a  mean  yalue  for  it 
Taking  then,  J  =  600,  we  have  the  practical  formula 

^  ^  600  -  ^ (XLTL) 

ti   — 5o 

EXAMPLE. 

How  much  more  water  than  steam  must  be  used  in  a  surface  condenser,  when 
the  water  enters  with  a  temperature  to  =  15**  and  departs  with  /| '  =  35%  the 
mean  temperature  of  the  condenser  being  t^  =  46.2^,  which  corresponds  to  a 
pressure  of  -f^  atmosphere  ? 

We  have 

600  -  46.3       558.8      «-  ^  ^.  , 

♦>  =  — oe — Tm—  =  -TOT-  =  «7.7  tuics  98  much. 
oo  —  15  »0 

If  the  steam  used  per  stroke  is  0.15  kilograms,  the  water  quantity  is 

0.15  X  27.7  =  4.155  kilograms 

per  stroke,  or  since  1  kilogram  of  water  occupies  a  space  of  -niW  cubic  meteiSi 

4.155  X  TiAnr  =  0.00416  cubic  meters. 

B.  Theobt  op  the  Jet  Cokdenbeb. 

Let  A  be  the  steam  cylinder  with  the  piston/jTJT.  The 
mixture  of  steam  and  water  in  it  weighs  O  kilograms.  In 
every  kilogram  of  this  mixture  there  are  x  kilograms  of 
steam  and  1  —  a;  of  water.  The  temperature  is  t,  and  the 
pressure  is  p. 

B  is  the  condenser.  In  this  we  have  Gx  kilograms,  of  the 
pressure  pi  and  temperature  ^  and  each  kilogram  contains  Xi 
kilograms  of  steam. 

Finally,  C  is  a  vessel  filled  with  cold  water  at  the  tempera- 
ture ^  It  holds  just  as  much  water  as  is  necessary  to  con- 
dense the  steam  used  per  stroke,  viz.,  Oq  kilograms.  Upon  the 
surface  of  the  water  is  a  piston  which  is  pressed  by  the  atmos- 
phere JOft. 

Both  A  and  C  communicate  with  the  condenser  by  cocks  a 
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and  h.    Let  both  these  be  simnltaneously  open.    The  contents 
of  A  and   0  suddenly  mingle,  and  the  cold  water  injected 

reduces  the  pressure  in  both  A 
and  B  to  the  mean  pressure  of 
the    condenser  pi.     The    piston 
L  's=iBii'    KK^  as  well  as  that  in  C^  now 

T  (1  descenda    When  £'£' reaches  the 

*  end  of  its  stroke,  so  has  the  pis- 

ton in  Cy  and  all  the  water  has 
entered  the    condenser,  and  all 
the  steam  has  been  condensed. 
The  total  heat  in  ^  is 


and  in^, 


and  in  (7, 


(?  +  xp)  G, 


(qi  +  xifh)  Gu 


Fio.  81. 


qoGo. 


Hence  the  heat  in  all  three  vessels  is 


{q  -hxpjG-h  {qt  +  Xipi)  Gt  +  qoGo. 

After  the  mixture,  all  the  steam  and  water  is  in  the  con- 
denser, and  we  hare  there  a  mixture  of  steam  and  water  weigh- 
ing 

G  +  Gi-^  Go  kilograms. 

In  each  kil<^ram  of  this  mixture  there  is  much  more  water, 
and  hence  much  less  steam,  than  before  a  was  opened  there 
was  in  A  and  B.  Let  the  steam  weight  in  each  kilogram  be 
sci',  then  ooi'  is  less  than  o^  and  we  have  in  the  G  +  Gi  +  Gq 
kilograms 

0^'  {G  +  Gi  +  Go)  kilograms  of  steam, 


the  pressure  of  which  is  pi  and  temperature  ^.  Since  the  heat 
of  the  liquid  is  qu  and  the  inner  latent  heat  a,  the  heat  in  the 
condenser  is 

{qt  +  ai'A)  (<?  H-  fl'i  +  fl^o), 
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or,  denoting  (?  +  G^i  +  (?o  by  Jf, 

(ffi  +  ^' a)  ^  l^^ftt  nnits. 

This  is  not  all  the  heat  in  the  condenser. 

While  the  piston  ^f  moves  down,  it  oyercomes  the  constant 
pressure  p^  through  a  certain  distance,  and  therefore  performs 
mechanical  work  in  compressing  the  steam.  ^"^3?iiB  work  gen- 
erates heat.    Since  the  cylinder  volume  is 

{pcu  +  0)0  cubic  meters, 

the  work  performed  is 

(xu  +  a-)  Opu 
or,  neglecting  <r, 

xuOpi. 

The  heat  equivalent  to  this  work  is 

ApiOsuG. 

Mechanical  work  is  also  performed  by  the  descent  of  the 
piston  in  (7.  If  we  denote,  as  always,  the  volume  of  1  kilogram 
of  water  by  cr,  then  since  the  atmospheric  pressure  is  po,  tiie 
work  performed  is 

and  the  heat  equivalent  is 

A  Go(rpo  heat  units. 
The  increase  of  heat  due  to  these  two  causes  is  therefore 

ApiXuQ  +  AOo<Tp9» 

If  we  add  this  heat  to  that  which  existed  before  the  mingling; 
in  the  three  vessels,  we  have  the  heat  in  the  condenser.  Hence, 

{q  +  xp)0  +  iqi'hXipi)Gf{-Gfao+A(OpipcU'^  Oo(rp(^)='(Si+<ih'Pi)^ 


TEEORT  OF  THE  JET  CONDENSER.  609 

NoWy  as  a  matter  of  &ct,  the  heat  due  to  the  work  performed 
is  very  small,  so  that  we  can  still  have 

{q  +  xp)G  +  (qi  +  Xifh)  Cfi  +  qoGo  =  (ji  +  oJi'a)  ^' 

Since  now  {qi  +  ah!pi)M=  qi{0  +  ffi+  Go)  +  x{piM^  we  hare, 
after  reduction. 

Here  x^  is  unknown,  but  it  can  be  easily  proved  that  XjfiiOi  = 
Xi'fhM. 

Before  the  mingling,  the  volnme  t;  of  1  kilogram  of  mixture 
in  the  condenser  was 

and  since  there  were  0%  kilograms,  the  volume  (^)  in  the  con- 
denser was 

Vt  =  Gi(aHUt  +  <f). 

After  the  mingling,  the  volume  of  1  kilogram  is 

Since  the  pressure  and  temperature  are  the  same,  Ui  is  the 
same.  But  after  the  mingling,  there  are  if  kilograms  of  steam 
and  water  in  the  condenser,  and  hence  the  volume  is 

Fi  =  if  (aTi'Wi  +  <y). 
Hence, 

Ox  {x{Ui  +  (t)  =  M{a^'ui  +  ^)  or  OiXi  =  Mx{. 

The  product  OiCCi  is  the  steam  weight  in  the  condenser  at  the 
beginning,  and  Mx^  that  at  the  end.  As,  then,  this  steam  weight 
is  constant,  all  the  steam  in  the  cylinder  must  be  condensed. 
Since  now 

XiOx  =  a?i' Jf  ,  we  have  also 

XxfhOx  =  Xx'pxM, 

and  hence  the  equation  above  becomes 

to  -go)  <?o  =  fe -  ft  +  ^P) O. 
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We  have,  therefore,  the  water  required  for  condensation 

It  we  make  here  2:  =  1,  and  pnt  for  ^  +  p  the  steam  heat  J, 
and  for  qi  and  ^0  the  temperatures  ^  and  ^  we  have 


or  if  Go  =  nQ 


n=i^     ....     (XLVm.) 

?l~"  HI 


This  equation  differs  from  XLY.  in  that  ^  in  the  denomina- 
tor is  the  temperature  of  the  condenser  water,  while  in  XLY. 
ti'  is  the  temperature  of  the  heated  condensing  water,  which  is 
always  less  than  that  of  the  water  of  condensation.  Since  here 
also  J=  600  about,  we  have 


»  =  600^ (XLIX.) 


or  for  Fahrenheit  degrees. 


_  1080  -  (^  -  32) 


EXAMPLE. 


A  high  pressiue  steam  engine  nsing  steam  of  5  atmospheres  has  a  condenser 
In  which  the  average  pressure  is  0.1  atmosphere.  The  oooling  water  has  a  tem- 
perature of  18*.    How  much  more  water  than  steam  must  be  used  ? 

For  -yfff  atmosphere,  ti  =  46*,  henoe 

600-46      564     -^^  , 

n  =  Aa^iQ  =  "55"  =  ^  tmies  as  much. 

If  then  the  steam  used  per  stroke  is  0.12  kilograms,  we  haye  per  stroke 
90  X  0.12  =  2.40  kilograms  of  water  necessary,  or  ^^  =  0.0024  culno  meters. 

We  have  already  noticed  the  fact  that  the  air  contained  in 
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the  injection  water  is  set  free.  This  air  increases  the  press- 
ure in  the  condenser,  on  the  average  about  0.05  atmosphere. 
The  amonnt  of  injection  water  is  not  thereby  increased,  bnt  the 
air  pomp  mnst  have  greater  dimensions  in  order  that  it  may 
remove  both  air  and  water  from  the  condenser. 


OHAPTEB  XXL 

THE  ITLOW  OF  STEAM  AND  HOT  WATER  THBOUOH  OEEFEGEGL 

A.  Flow  of  Steam  thbouoh  Ohifiges. 

As  in  Chapter  X.,  Part  L,  let  ABCD  be  a  large  vessel  with  a 
narrow  discharge  pipe  EF.  In  the  first  is  a  piston  HJ^  of  F  sq. 
meters  cross-section,  and  in  the  pipe  a  smaller  one  O^  of  /  sq. 

meters.    Upon  HJ  we 
Am  JHL  mH  have  the  pressure  oip 

kilograms  per  square 

p      meter.     The  pressure 

7    upon  O  is^  kilograms 


^  per  square  meter,  and 

p^<p.      Suppose  the 
^^  space  between  the  pis- 

tons filled  with  some 
liquid,  as  water.  Let  the  piston  JSJ'move  through  the  distance 
8  per  second,  and  O  through  «i.  Then  the  work  of  the  first  pis- 
ton is  Fspy  and  of  the  second/«ipi. 

The  force  Fp  has  to  perform  two  works.  First,  it  must  over- 
come the  constant  resistance  fp^^  with  uniform  velocity,  and 
second,  it  has  to  impart  to  every  water  particle  which  enters 
the  pipe  an  increased  velocity,  so  that  the  velocity  a  becomes 
8i.  Since  the  volume  fsi  issues  through  E  per  second,  the 
weight  of  this  volume  is,  if  1  cubic  meter  weighs  y  kilograms, 
fsiy.  To  increase  the  velocity  of  this  from  «  to  ^i,  requires  the 
work 

The  foToe  Fp,  whioli  driyes  the  piston  HJ,  has  then  to  per- 

612 
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form  not  only  the  work  /«ij?i,  but  also  the  work  ^^  "    fsiy. 
Henoe 

or 

Since,  ako,  Fs  =/«i,  we  have 

P-P^  =  ^^r (i^) 

This  is  a  well-known  formula  of  hydraulics  of  frequent  ap- 
plication. If  we  assume  the  vessel  A  BCD  very  great,  with 
reference  to  the  pipe  EF,  or  the  diameter  very  great  in  com- 
parison to  that  of  the  orifice  E,  the  distance  8  is  very  small  in 
comparison  to  «i,  and  we  have 

or  putting  t^  in  place  of  8^, 

P-Pi  =  2^r (LH) 

We  omit,  of  course,  here  the  fact  that  the  pressure  of  the 
water  particles  above  the  orifice,  due  to  their  own  weight, 
assists  the  force  Fp. 

Now  let  us  suppose  that  instead  of  water  between  the  piston 
JSLTand  O,  we  have  saturated  steam.  Let  the  pressure  of  this 
steam  in  ABCD  be  p.  The  piston  HJ  is  pressed,  as  before, 
from  left  toward  the  right  by  the  force  p.  If  here  also  the 
pressure  pi  upon  the  piston  Oj  in  the  pipe  EFy  is  less  than  j9, 
the  efflux  of  the  steam  is  essentially  different  from  that  of 
water,  and  is  completely  similar  to  that  of  a  gas.  The  steam 
expands  when  it  is  subjected,  on  one  side,  to  a  less  pressure 
than  on  the  other.  For  this  reason,  one  kilogram  of  steam  in 
the  pipe  EF  occupies  a  greater  space  than  a  kilogram  in  A  BCD, 
that  is,  the  specific  volume  v  in  EF  is  different  from  that  in 
33 
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ABCD.  The  distance  between  the  moleonles  when  they  pass 
the  orifice  E  is  greater,  and  they  have  then  been  moved  apart 
This  motion  can  be  caused  by  heat  received  from  without,  or 
by  the  heat  of  the  steam  itself.  In  the  latter  case,  a  part  of  the 
molecular  motion  of  the  steam  is  converted  into  outer  motion. 
In  the  case  of  permanent  gases,  the  pressure  pi  and  the  spe- 
cific volume  Vi  in  the  pipe  can  be  different  from  that  in  the 
vessel,  while  still  the  temperature  is  unchanged  (Chap.  X, 
Part  L)  With  steam  this  cannot  be,  so  long  at  least  as  it  is  in 
the  saturated  condition.  For  this  condition,  so  long  as  the 
temperature  remains  constant,  the  pressure  is  unchanged. 

Let  us  conceive  that  the  expansion  of  the  steam  while  pass- 
ing through  E  extends  to  some  distance,  as  shown  by  the 
dotted  lines.  As  the  steam  molecules  reach  the  first  arc,  their 
expansion,  or  the  increase  of  their  mutual  distances,  is  still 
small.  As  they  approach  the  innermost  arc,  it  is  greater,  until 
in  the  pipe  EF  the  volume  is  Vi,  Since,  then,  the  mutual  dis- 
tance of  the  molecules  increases  gradually,  the  pressure  exerted 
by  any  molecule  at  any  instant  upon  the  next  one  which  lies 
nearer  the  orifice  E  is  greater  than  the  counter-pressure  of 
this  last  molecule  only  by  an  infinitely  small  amount  If,  then, 
the  expansion  follows  any  given  law,  we  can  calculate  the  work 
necessary  for  this  expansion. 

If,  for  example,  we  suppose  the  expansion  to  follow  the  law 
of  constant  steam  weight,  heat  must  be  imparted.  We  have 
seen  (page  419)  that  the  heat  required  by  1  kilogram  of  satu- 
rated steam,  expanding  according  to  this  curve,  varies  with  the 
temperature  ;  for  high  temperatures  it  is  less  and  for  low  tem- 
peratures greater.  If  the  steam  pressure,  for  example,  in 
ABCD  is  5  atmospheres,  or  ^  =  5  x  10334  kilograms,  and  the 
pressure  on  G  per  square  meter  is  1  x  10334  kilograms,  we 
have  from  Table  HL  for  the  heat  imparted  per  kilogram  during 
expansion, 

200.46  - 148.47  =  61.99  heat  units. 

(Compare  the  example,  page  426L)    The  temperature  falls  from 
152.2'',  corresponding  to  5  atmospheres,  to  100"". 

If  we  denote  generally  the  heat  which  must  be  imparted, 
when  the  expansion  of  the  steam  at  efflux  follows  the  curve  of 
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oondtant  steam  weight,  by  P,  then  the  work  corresponding  is 

P 

'-^.    It  is  this  work,  which  in  the  efflux  of  steam  (just  as  for 

gas)  is  to  be  added  to  the  work  Fsp  (Equation  L.),  and  which 
in  combination  with  thi^  work  generates  the  velocity  w  and 
overcomes  the  constant  pressure  jPi  in  the  pipe  EF  with  this 
velocity.  If  we  assume  that  1  kilogram  of  steam  issues  per 
second,  and  denote  the  volume  of  this  kilogram  when  in  the 
vessel  ABCDf  by  t;,  and  when  in  the  pipe  EF^  by  Vu  we  have 
in  Equation  Tu,  1*8  =  v  and/?i  =  Vi,  and  have  then  for  the  work 
necessary  to  impart  the  velocity  w  to  each  kilogram 

since  in  Equation  lu^fsiy  can  be  put  =  L 
The  sx>ecific  volume  v  or  t^i  is  given  by 

V  =  {xu  +  ff) 
Vi  =  (acui  +  <^)f 

because  the  steam  weight  x  is  constant    For  x  =  l 

t;j  =  t«i  +  <T. 

It  is  easy  to  see  how,  from  the  pressures  p  and  pi,  by  the  aid 
of  the  above  equations,  the  velocity  w  can  be  found.  In  prac- 
tice, the  case  here  considered  occurs  but  seldom  if  at  all,  and 
we  shall  not,  therefore,  pursue  it  further. 

VdocUy  of  Efflux  when  Heat  is  neither  Added  nor  Abstracted — 
The  efflux  of  steam  from  the  safety-valve  of  a  boiler,  or  from 
the  cylinder  of  an  engine,  takes  place  without  the  addition  of 
heat  from  without  Let  us  find  then  the  velocity  w  under  the 
assumption  that  heat  is  neither  added  nor  abstracted  by  outer 
bodiea  The  expansion  then  follows  the  law  of  the  adiabatic 
curve,  and  by  the  gradual  change  of  pressure  from  pto  pu  the 
work  of  the  molecules  is  (Equation  XXYIL) 

-^- A  • 
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Hence  we  have 

.  ?  — ?i  +  a;p— ari/3i       v^        /tttt\ 
fv  -^vi  +  3 — ^i— ^^ i^  =  ^  .     (Lm.) 

Multiplying  both  sides  by  A^  and  putting  t)  =  an«  +  <t,  and 

J  +  a?/)  +  4p^  —  (?i  +  ^fh  +  4Pi^^)  +  ^^  {P  ^Pt) 

=  ^|.    .    (LTV.) 

Here  we  can  disregard  the  last  member  on  the  left  Also 
remembering  that  a:(p  +  Apu)  =  ar,  and  a?i (a  +  -4Pi^  —  ^^i» 
we  haye 

j1  -g-  =  g  -  gi  +  ar  -  o-in    .    .    .     (LV.) 

Since  p^pi  and  a;  are  known,  7,  ^1,  r  and  ri  are  also  known,  and 
Xi  can  be  found  from  Equation  XXY., 

whence 


/  .  xr\       Ti 


The  values  of  r  and  -^  are  given  in  Table  HX    If  then  Xi  is 
thus  determined,  we  have 


=i/ite-j. 


V)  =  A/^{q-qi-^xr-  x^r^ 


Since  2g=2x  9.81  meters, and  ^  =  424, 


w  =  91.2  V?  —  ?i  +  a?r  —  a?iri,    .    .    (LVL) 

or  for  English  units,  -2^=222.8  Vq—qi-^xr^XiVi^  ft  per  second. 
Let  us  illustrate  the  above  by  an  example. 
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Steam  issaes  from  the  saf ety-yalve  of  a  steam  boiler,  in  which  the  preesore  is 
5  atmospheres,  into  the  air.  What  is  the  velocity  of  efflux  10,  when  we  assume 
the  efflux  to  take  place  without  friction,  and  that  only  pure  saturated  steam, 
without  admixture  of  water,  approaches  the  orifice  ?  How  much  steam  is  con- 
densed during  efflux  ? 

We  haye  eyidently  to  answer  the  last  question  first    From  Table  IIL, 

^=  1.174,    ^  =  1.488,    r  =  0,447,    r,  =  0.814, 

henoe         01  =  (0.447  -  0.814  +  1.174)  -f- 1.488  =  0.008  kilogram. 
For  English  units,  Xi  =  (0.616  -  0.888  +  1.174)  + 1.488  =  0.908  lb. 

Henoe  during  efflux,  1  —  0.908  =  0.092  kilograms  of  steam  are  condensed. 

Further, 

q  =  168.74,    qi  =  100.6,    r  =  490.19,    r,  =:  586.6, 

hence  q-qx  +  at  -  Xitx- 168.74  - 100.6  +  499.19  —  0.908  x  686.6  =  66.29, 

or  for  English  units,     276.78  -  180.9  +  898.5  -  0.908  x  966.7  =  117.48; 

and  w  =  91.2  V66.29  =  91.2  x  8.08  =  786.9  meters  per  second. 


or  w  =  222.9  4^117.48  =  2417.08  ft.  per  second. 

Tranrfcyrmcdion  of  the  Preceding  Eqnaltona. — ^The  preceding 
formnlsB  can  only  be  used  when  we  have  our  tables  at  hand. 
Let  ns  see  if  we  can  find  to  without  them. 

First,  we  can  put  for  q  and  qi  the  temperatures  t  and  ^.  Thus 
if  we  assume  the  specific  heat  of  water  as  constant^  and  take  it 
at  L0224y  which  corresponds  to  about  l^S'',  we  have 


Also, 


and 


g  -  gi  =  1.0224  (^  -  ^  =  1.0224(r-  T^. 

T  T 

r  =  c  log  nat  —  =  1.022  log  nat  — , 

r.:=zc  log  nat  ^*  =  1.022  log  nat  =i, 

r  -  Tj  =  1022  log  nat  ^  =  2.353  log  ^. 

Further,  according  to  Olausius  (page  393), 

r  =  607  -  0.708^        ^  =  607  -  0.708<i. 


hence 
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Henoe 

To  oiro  1     T     g<607 -0.708^1  '.  607  -  OJOS^t 
x^  =  [^2.353  log^^  +  "^^ ^ J  -4- jf . 

Equation  LYL  becomes 


t(;  =  91.2  ^1022  (« -  ^)  +  a?  (608  -  OJOW)  -  aJi  (607  -  0.708<i) 

(LVIL) 

For  English  units,  put  1092.6  -  0.708  {t  -  32)  in  place  of 
607  -  0.708e  and  222.8  for  91.2.  The  result  will  give  w  in  feet 
per  second. 

Let  us  oalcolate  from  these  last  two  formulAS  9x  and  10  for  tlie  last  exampk. 
We  have  ti  =  100,    and    Ti  =  278  +  100  =  878  ;  hence 


607  -  0.7C8<i  _.  807  -  70.8  _  ^  ^gg^ 
Tx  878 


Farther, 


Hence 


2.858 log  ^  =  2.858  log  ^  ^^^'^  =  2.858  x  0.0569  =  0.1889, 


a?(607-0.708t)  _  607  -  0.708  x  152.2  _ .  -^ . 
T  278  +  152.2 


We  have  then 

xx  =  (0.1889  +  1.174)  -I- 1.488  =  0.909  kilognnis. 

B7  means  of  the  tables  we  found  before  Xi  =  0.908. 
We  have  now 

10  =  91.2  VI.O22  X  62.2  +  499.24  -  0.909  (607  -  70.8) 


=  91.2  i^58.85  +  499.24  -  487.41 


=  91.2  V66Tl8  =  91.2  x  8.07  =  785.98  meters. 
This  value  agrees  closely  with  that  found  before. 

If  the  pressures  p  and  pi,  or  the  corresponding  temperatures, 
differ  but  little,  we  can  put 

2-363  log^=?^^. 
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We  should  have  then 

or 

T 

If  we  insert  this  in  LVL,  and  remember  that  T—  Ti  =  t  — <|, 
and  that  we  have  without  great  error  c{t  —  ti)  =  t'-ti,  we  have 


iV  =  91.2i^^(T-Tt)  .    .    .    (LVm.) 


or  finallj. 


«,  =  91.2|/^<^|^^~^.    .    (MX.) 


inglish  units,  put  222.8  in  place  of  91.2, 1092.6  -  0.708 
(t  -|32)  in  place  of  607  -  0.708^  and  459.4  in  place  of  273.  The 
result  will  give  w  in  feet  per  second. 

EXAMPLE. 

With  whftt  yelocitj  does  the  steam  issae  from  the  boiler  of  a  low-pressure 
engine,  the  pressure  being  only  1.2  atmospheres,  when  a;  =  1  ? 
In  this  case  i  =  106,2*  and  ii  =  100,  hence 


= "V^^SF^ =«••»"- ■—■ 


10 

units  we  haTe 


..  «,8v1^^^^;^:780e  =  806.54  f.t  per  .ec. 

Another  Eoqyressum/or  the  Vdodty  of  Efflux.— We  have  made 
use  above,  page  515,  of  the  expression 

for  the  work  of  1  kilogram  of  steam  in  expanding  from  the 
pressure  ^  to  jpi.  On  page  440,  we  have  seen  that  this  work  is 
given  by  the  expression 

where  the  value  of  m  depends  not  only  upon  p  and  p^  but  also 
upon  the  proportion  of  water  in  the  mixture.    If  we  have  only 
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pure  saturated  steam  without  water,  m  has  the  mean  Talue 
1.135. 
We  have  then 

The  law  of  the  adiabatic  curve,  that  is,  the  law  of  ezpansion 
of  the  steam  during  efflux,  is 


hence 


pif = pivr. 


^^(g,  ^  ^v,^^-KK 


InsMldig  this  TalM  olp,«,  mi  tvbmr^ 

m-1 


|=S[i-(f)"]-  ■■<^^ 


or 


w 


=^«/i^[i-(fn 


(LXH) 


For  w  in  feet  per  second,  put  8.022  in  place  of  4.43. 

We  can  now  find  by  this  formula  the  velocity  wtot  the  eTample  on  page  517. 
First,  £-'  =  ^  =  0.2.    Put  m  =  1.185.  then  f^)  "*  =  {(i,%f^. 


p       5 


\P 


By  the  aid  of  logarithms  we  find  this  equal  to  0.8257.    Hence 


m-l 


[  1  -  (^)  *"  ]  =  1  -  0.8257  =  0.1748. 


Farther,  for  5  atmospheres  «  =  9»«  +  6=  0.864.    Since  p  rr  5  x  10884, 


w  =  4.48  j/^ 


185  X  6  X  10884  x  0.864 


0.185 


X  0.1743  =  785.88  meten. 


This  result  agrees  closely  with  that  already  found. 
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For  practical  use,  Eq.  LXIL  can  be  si^iplified.    Thus,  mak- 
ing m  =  1.135,  and  taking  the  sq.  root  of =  10334,  we  have 

m  — 1 

/  ^--L 

«;  =  1305.83  y^fl-^^)  "*  1.    (LXTTT.) 

For  w  in  fe^ t  per  second  put  1070  in  place  of  1305.83. 
Here  p  is  expressed  in  atmospheres 

If  the  steam  contains  10  per  cent  of  water,  m  =  1.125,  and 


w  =1351  A/pv  [l  -  (^^"^ '].'        (LXIV.) 

For  w  in  feet  per  second  put  1107  in  place  of  135L 

Table  V.  gives  for  different  pressure  ratios  i—j  the  values 


m-l  1 


of  1  —  f^  j        and  of  r^  j    ,  which  last  serves  to  determine 
the  steam  volume  and  weight  which  issues  per  second. 

Steam  Vdume  and  Weight  per  Second. — ^We  have  thus  far 
assumed,  for  the  sake  of  simplicity,  that  one  kilogram  per  sec- 
ond passes  through  E^  and  have  foimd  w  under  this  assump- 
tion. The  velocity  evidently  will  not  change  when  2,  3,  4,  or 
O  kilograms  issue  per  second.  Apart  from  the  pressures  j9  and 
Pis  this  quantity  depends  only  upon  the  area  of  the  orifice.  If 
this  area  is  F^  the  volume  issuing  per  second  is 

provided  that  there  is  no  contraction  of  the  stream,  as  is  the 
case  with  water  and  other  liquids.  If  (?  is  the  weight  of  steam, 


or  since 


Fi  =  v,G, 


'-•=© 


m 

vO  cubic  meters. 
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Henoe 


Fw 


and 


= ©=-«. 


G«=J\£;f^)"*.- kilograms.    .    .    (LXY.) 


\p  J     V 
In  order  to  show  the  use  of  Table  Tp^  we  take  an  example. 


hbtp  =  i,  and  Pi  =1  atmosphere.     The  steam  at  4  atmospheres  is  poie 
saturated,  without  water.    What  is  u  and  &  ? 

We  hare  ^  =  0.25.    We  find  in  the  column  for  ^  the  number  0.25.  In  the 
P  P 

same  horizontal  line  we  find  for  the  column  giving  ^  ~  (  X* )       '  ^  number 
0.1521.    Hence 

w  =  1805.83  V^xvx  0.1521 . 

Smce  V  =  fl»»  +  d,  and  «,  for  4  atmospheres,  is  from  Table  IL,  0.447,  ire  hare 
V  =  0.447  +  0.001  =  0.448.    Hence 


10  =  1805.88  ^"4  X  0.448  x  0.1521  =  681.0  meters  per  second* 
For  English  units,  «  =  7.1868  +  0.016  =  7.1828.    Henoe 

u>  =  1070  i^4  X  7.1828  x  0.1521  =  2286.8  feet  per  second* 
Again,  for  0.25,  we  find  in  the  column  for(  -  j  "  (m  being  1.185)  0.2948. 
Hence  G  =  681.0  x  0.2048  x  jrriz  =  448.8^  kilograms, 

U.44o 

or  G  =  2286.8  x  0.2048  x  =-^  =  01.78i^pofnndfl. 

Calculatton  of  the  Size  of  Safdy-Vdlve. — ^In  general,  we  make 
the  area  F  of  the  valve  so  great  that  it  will  discharge  10  to  20 
times  as  much  steam  in  a  given  time  as  the  boiler  can  generate. 
This  latter  quantity  depends,  however,  upon  the  heating  sur- 
face, hence  the  yalve  and  heating  area  must  stand  in  a  certain 
relation.  According  to  Prussian  regulations  (Weisbach,  YoL  IL, 
Art  434),  the  valve  area  should  be  y^Vir  of  the  heating  area. 
This  gives  indeed,  for  high  pressure  boilers,  a  greater  safety 
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than  for  low  pressure,  sinoe  for  the  latter  the  steam  issnes  with 
less  velocity. 

We  shall  now  show  by  an  example  how  the  diameter  of  the 
yalye  {d)  may  be  found  under  the  assumption  that  the  steam 
issues  with  the  velocity  given  by  our  f  ormula,  and  that  the  loss 
of  velocity  due  to  friotiouy  etc.,  is  little  or  nothing. 

EXAMPLE. 

What  diameter  ((2)  should  the  safetj-valye  of  a  steam  boiler  have,  which 
generates  per  hour  250  kilograms  (or  651.16  lbs.)  of  steam  of  4  atmospheres,  for 
aO-fold  security? 

We  have  already  found,  in  the  last  example,  the  weight  of  steam  issuing  per 
second  through  the  area  F  under  a  pressure  of  4  atmospheres.    It  was 

G  =  448.8jPkilograms» 

or  6^  =  91.788i^  pounds. 

If  the  diameter  of  the  valve  is  d,  we  have 

^  =  448.8^  ==448.8  x  0.785d* kilograms, 

or  6^  r=  91.783  X  0.786<r  pounds. 

The  boiler  generates  250  kilograms  of  steam  per  hour,  or  -HS^  =  0.0605  kilo- 
grams (or  0.1681  pounds)  per  second.  Since  we  wish  20-fold  security,  we  have 
for  6^,  20  X  0.0605  =  1.89  kilograms  (or  8.062  pounds).    Hence 

1.89  =  448.8  X  0.785d*.    or    d  =  0.067  meters  =  6.7  centimeters. 

or       8.069  =  91.788  x  0.785(P,    or    d  =  0.206  feet  =  2.5  indies. 

B.  Efflux  of  Hot  Wateb. 

In  the  chapter  upon  the  adiabatic  curve  of  steam  and  liqnid 
mixtures,  we  have  seen  that  steam  is  generated  when  a  mixture 
of  water  and  steam  containing  a  preponderance  of  the  first  ex- 
pands adiabaticallj.  When,  then,  hot  water  flows  from  the 
vessel  ABCD,  the  particles  expand  in  approaching  the  orifice 
F^  and  steam  is  formed.  If,  then,  we  have  simply  hpt  water 
and  no  steam,  the  Equation  XXY.,  page  437, 

becomes,  since  a;  =  0, 
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Since  r  is  always  greater  than  r^  so  long  as  the  temperatoro 

of  the  water  is  greater  than  that  in  the  pipe  EF^  -^  is  posi- 

tive,  and  since  x^  is  the  steam  quantity  at  the  orifice  Ey  we  see 
from  the  equation,  that  by  the  efflux  of  hot  water  steam  is 
generated,  and  that,  therefore,  both  steam  and  water  issue. 
The  weight  of  this  steam  in  every  kilogram  of  the  mixture  is 

T 

aji  =  (r-ri)  x  --^. 

If  we  put  this  value  of  a?i  in  Equation  LY.,  page  516,  we  have 

or 

w  =  91.2  V?  -  ft  -  (r  -  Tj)  Ti .     (LXVn.) 

If  instead  of  1  kilogram,  O  kilograms  issue  per  second,  and 
if  ii^  is  the  area  of  the  orifice,  we  have  for  the  steam  weight 
per  second 

D  =  osiQ  kilograms, 
and  the  water  weight 

Jr=  (1  —  aji)  G^  kilograms. 

The  volume  of  1  kilogram  of  the  mixture  at  the  orifice  is 

XiUi  +  <r, 

hence  of  O  kilograms  it  is 

{iCiUi  ■\-  &)0  cubic  meters. 
We  have  therefore 


and 


^=^£h'  '  •  •  (™^) 
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Hot  water  flows  from  the  test  cock  of  a  boiler  under  the  pressore  of  5  atmo> 
q>heres.  What  is  the  specific  steam  weight  at  the  orifice  ?  With  what  velocity 
10  does  the  mixture  issue  ?  What  is  the  discharge  O  per  second  ?  How  much 
steam  and  water  are  contained  in  the  mixture  ? 

For  6  atmospheres  r  =  0.447,  for  1  atmosphere  Vi  =  0.814,  and  -=-  =  1.488. 

Henoe  x^  =  (0.447  —  0.814)  + 1.438  =  0.092  kilograms.  We  have,  then,  as  much 
steam  as  in  the  efflux  of  saturated  steam  alone  is  condensed  (page  SIT), 
Since,  further,  q  =  168.74,    q^  =  100.6,  we  have 


w  =  91.2  V168.74  -  100.6  -  (0.447  -  0.814)878 
=  91.2  X  1.9  =  178.28  meters. 

or       w  =  222.8  V276.784  -  180.9  -  (0.617  -  0.888)  671.4  =  660.78  feet. 

For  1  atmosphere  tti=1.660,  hence  ariUi  +  tf=0.092  x  1.660 +0.001 =0.164  and 

G  =  -^^^^=  1126  F  kilograms. 

For  English  units  u,  =  26.4216,  XiUi  +  d  =  0.092  x  26.4216  +  0.016  =  2.44. 
The  steam  weight  issuing  per  second  is 

a  =  ^YUF=:  229.9Jy  pounds. 

Dt^XiQzz  0.092  X  1126i^  =  108.6 J" kilograms. 

The  water  weight  is  therefore  (1126  —  108.6)  F  =  1021.6^.  If  then  F  is  giyeu, 
we  can  find  Q,  D  and  W,  If,  for  example,  jP  is  1  square  centimeter  =  TviiO; 
=  0.0001  square  meter,  we  have  O  =  0.1126  kilogram.  D  =  0.01086  and  W 
=  0.10216  kilogram  per  second.  The  Tolume  of  water  is,  since  1  kilogram 
=  0.(X)1  cubic  meter,  0.1126  x  0.001  =  0.0001126  cubic  meter. 


We  see  from  this  calcnlaiioiiy  how  to  find  for  any  time  the 
qnantity  of  hot  water  and  steam  which  flows  through  a  given 
orifice  nnder  a  certain  pressure.  Zenner  was  the  first  to  en- 
deavor to  determine  how  far  the  theoretical  result  agrees  with 
the  faci  ''  I  allowed,"  he  says  in  his  Warme  Theorie,  "  water 
to  flow  from  a  locomotive  boiler  under  6  atmospheres  pressure, 
and  endeavored  to  collect  and  measure  the  issuing  water.  In 
spite  of  variations  in  the  method  of  experiment,  the  measure- 
ment did  not  succeed.  The  steam  carried  off  with  it  the 
greatest  part  of  the  water."  There  remains  only  in  further 
experiments  of  this  kind,  to  measure  therefore  tiie  efflux  in 
the  boiler  itsell 
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The  following  table  gives  for  different  pressures  the  corre- 
sponding velocity  of  efflux,  the  specific  steam  quantity  at  the 
orifice,  and  the  discharge  in  kilograms  per  second,  according 
to  Zeuner. 


PreflBore 
In 

Velocit 

of 
efflux. 

«0. 

% 

ee.53 

8 

112.85 

4 

145.07 

6 

171.02 

6 

102.98 

7 

212.00 

8 

228.87 

9 

244.14 

10 

258.02 

11 

270.78 

12 

282.64 

18 

293.71 

14 

804.09 

BpecUle  stetm 

weight  At 

oiuoe. 

0.088 
0.062 
0.079 
0.098 
0.105 
0.115 
0.124 
0.182 
0.189 
0.145 
0.152 
0.157 
0.168 


Bfflnz  Qhk 
kilogr».  per  second 
for  croee  section  Jl 

O. 
1095  JF" 
1102 
1106 
1109 
1118 
1116 
1118 
1120 
1128 
1124 
1127 
1128 
1180 


This  table  shows  the  remarkable  result  that  the  discharge  is 
nearly  constant  whether  the  pressure  be  small  or  great.  The 
specific  steam  weight  Xiy  on  the  other  hand,  increases  with  the 
pressure,  a  proof  that  the  total  steam  weight  issuing  increaees 
with  the  pressure.  Since,  then,  the  entire  discharge  is  nearly 
constant,  the  water  weight  issuing  per  second  must  decrease 
with  increasing  pressure.  It  follows,  that  for  the  same  con- 
tents and  area  of  orifice,  a  low  pressure  boiler  can  be  emptied 
in  about  the  same  time  as  a  high,  provided  that  in  both  the 
initial  pressure  is  constant  during  the  efflux.  If,  however,  dur- 
ing efflux,  the  pressure  gradually  sinks,  the  weight  of  the 
issuing  mixture  indeed  remains  about  the  same,  but  the  steam 
weight  decreases  while  the  water  weight  increases.  We  hBve 
then  almost  the  inverse  phenomena  from  the  efflux  of  cold 
water. 

In  order  to  make  apparent  the  difference  between  the  efflux 
of  cold  and  hot  water,  we  give  the  following  small  table.  The 
velocity  of  efflux  is  found  from  page  513, 
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where  y^  the  weight  of  one  cubic  meter  of  water,  is  1000  kilo- 
grams. Since  <r  is  the  volume  of  1  kilogram,  yif  is  the  volume 
of  1000,  or  of  1  cubic  meter.    Hence 

1 

^  =  ^ 

and   ti^  =  (T  (^  —  jPi)  2gr    or 

ti?  =  443\/^(jp-jpi)    .    .    .    (LXrSL) 

For  English  units  put  8.022  in  place  of  4.43. 

Ify  for  example,  water  flows  under  the  constant  pressure  of  4 
atmospheres  from  a  vessel  into  the  air,  the  velocity  of  efflux  w 
is,  neglecting  all  resistances, 

w  =  4.43  V10334  x  ^hn  (4-1)  =  4.43 V10834  x  3  =  2466  meters, 
or         «;  =  a022  ^2116.21  x  0.016  (4  - 1)  =  80.86  feet 

The  water  volume  per  second  is  then  Fw^  and  the  water 
weight 

(7  =  1000i^jP=  24660 jP  kilograms    .    (LXX.) 
Hence  we  have 

PrMfline.  Velocity.  Efflax. 

J>.  10.  O. 

4 2466  246602?^ 

8 37.67  376732?^ 

12 47.23  47226F 

While,  therefore,  for  the  same  pressure  the  velocity  of  the 
issuing  water  is  much  less  than  for  a  mixture  of  steam  and 
water,  the  discharge  is  much  greater.  The  explanation  is  as 
follows :  The  steam  weight,  in  spite  of  its  great  velocity,  is 
very  small,  but  even  this  small  weight  occupies  a  relatively 
large  space,  and  fills,  in  part,  the  orifice  so  that  the  water  quan- 
tity is  smalL 

It  is  much  to  be  desired  that  these  theoretical  investigations 

may  be  tested  by  thorough  and  exact  experiments. 

« 

Cases  in  which  the  Ebt  Water  Issues  toith  tJie  same  Vdodty  as 
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the  Cold. — The  complete  equation  for  the  velocity  of  the  issniog 
steam  was,  from  Equation  LIY.,  page  516, 

or 

If,  now,  instead  of  steam  we  have  only  hot  water,  a?  =  0,  and 
we  have 

?  -  ft  -  ain  +  Act {p- Pi)  =  -4^- 
Now,  from  page  616, 


(  .w\Tx 


and  since  here  also  a;  =  0, 

T 

aJi  =  (T'-ri)--l,    or    aj^n  =  (r -  r^  2\. 

Instead  of  j  —  ji  we  can  put  c  (^  —  fi)  =  <?  (37—  ^0  and  have 
o(r-2\)-(^-n)2\  +  ^(r(l>-ft)  =  jg-    (L) 

If  the  pressures  p  and  ^,  or  the  temperatures  T  and  2i  are 
but  little  different  from  each  other,  we  have 

2.3026  log  ^  =  ^^^. 

From  page  517 

r  -  Ti  =  2.3026c log  4f  =  ci-«y-^. 

or 

(r-rOTi  =  c(r-^\). 
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In  equation  (1)  the  two  first  members  then  are  equal,  and 
we  have 

or 

g  =  «r(l>-lh)  =  ^2^.   .    .    (LXXL) 

This  is  the  same  equation  which  we  have  found,  page  513, 
for  the  efflux  of  water  under  ordinary  circumstances.  We  have, 
however,  called  attention  there  to  the  fact  that  the  pressure 
due  to  the  head  of  water  over  the  orifice  should  be  tsJsien  into 
account  in  finding  the  velocity  of  efflux.  The  same  is  the  case 
for  hot  water.  Since  y  is  the  weight  of  one  cubic  meter  and  j:> 
the  pressure  in  kilograms  per  square  meter,  we  have,  when  j?  is 
expressed  in  atmospheres,  for  the  height  of  a  column  of  water 
which  would  exert  this  pressure, 

1033^  __  10334        ^Q  33 . 
~^ TdOO  ^  "  lU.dd^- 

If  the  head  of  water  is  h  meters  above  the  center  of  the 

orifice,  we  have  instead  of  ^ ,  ^  +  A.     Hence  the  theoretical 

y     Y 

velocity  of  the  cold  water  is 


w 


^L^jk/h  +  SL—Pk.  ,    .    (LXXn.) 


For  English  units  put  8.022  in  place  of  443. 

And  this  will  be  the  velocity  also  of  the  hot  water  when  j>  and 

Pi  are  nearly  equal 

The  efflux  of  hot  and  cold  water  must  then  be  the  same,  if 
steam  formation  during  efflux  is  prevented.  This  can  only  be 
the  case  when  we  abstract  from  the  water  as  much  heat  as  the 
steam  requires  for  its  formation.  If  the  heat  of  the  liquid  in 
the  vessel  is  9,  and  outside  gi,  we  must  abstract  for  each  kilo- 
gram of  water  at  the  orifice  the  heat  q  —  91.  When  this  is  the 
case,  the  formula  for  efflux  of  cold  water  will  apply  also  to  hot 
34 
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water,  becanse  the  diminution  of  yolnme  of  the  water  in  pass- 
ing from  the  higher  to  the  lower  temperature,  which  in  the 
efflux  of  gas  and  steam  is  so  great,  is  for  water  so  small  as  to 
have  no  influence  upon  the  flow.  The  velocity  w^  and  the  dis- 
charge in  kilograms  per  second  or  minute,  must  then  be  the 
same;  in  this  oase^  both  for  cold  and  hot  water. 


OHAPTEB  XXn. 


OONSTBUOnONS    WHICH    DEPEND    UPON     SDIILAB    PBINdPLEa — THE 

INJEOTOB. 

The  prinoiple  of  the  ordinary  suctioii  pump  consists  in  a 
pipe  with  one  end  in  the  water  and  the  other  connected  with 
a  pump,  by  means  of 
which  a  partial  vacuum 
is  created  in  the  pipe, 
so  that  the  pressure  of 
the  air  upon  the  out- 
side water  forces  water 
up  the  pipe.  For  the 
production  of  the  va- 
cuum different  meth- 
ods  have  been  recently 
adopted.  One  of  the 
simplest  and  most  in- 
genious is  that  of  Pro- 
fessor James  Thompson. 
It  consists  in  causing  a 
stream  of  water,  of  con- 
siderable velocity,  to 
carry  away,  in  part,  the 
air  with  it  We  give  a 
sketch  of  the  apparatus,  Fig.  83.  From  the  tank  E  a  vertical 
pipe  descends  and  ends  in  a  conical  mouth-piece  at  A^  inclosed 
by  the  spherical  vessel  B.  From  this  we  have  the  diverging 
pipe  F  and  the  suction  pipe  2>.  While  now  the  water  flows 
through  A  with  great  velocity,  it  drives  out  the  air  in  ^  as  well 
as  in  £•    Air  is  thus  sucked  out  of  the  pipe  CD,  a  partial  va- 
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cuom  is  created,  and  Ihe  water  rises  in  CD.  This  water  enters 
B  with  a  certain  velocity,  and  is  there  carried  out  along  with 
the  stream  in  F. 

While  here,  we  make  nse  of  the  velocity  of  a  stream  of  water 
for  the  formation  of  a  vacuum,  we  might  make  use  of  a  current 
of  air  or  steam.  The  latter  is  applied  thus  in  the  blast-pipe 
of  the  locomotive  and  in  Giffard's  injector.  In  the  case  of  the 
blast-pipe,  the  steam  passes  from  the  cylinder  at  about  1.25  at- 
mospheres pressure,  through  a  nozzle  in  the  lower  part  of  tihe 
stack.  The  velocity  is  by  reason  of  this  pressure  greats  and 
the  steam  drives  out  with  it  the  gases  of  combustion,  and  im- 
parts to  them  a  greater  upward  velocity,  so  that  a  partial  vacni- 
um  is  created  in  the  smoke-box  and  the  outer  air  enters  rapidly 
through  the  grate,  thus  causing  more  rapid  combustion.  The 
operation  of  the  blast-pipe  consists  then  in  sucking  in  the  oater 
air  by  means  of  a  current  of  steam.  Giffard's  injector  uses 
steam  for  the  purpose  of  sucking  up  water,  as  in  Thompson's 
water-jet  pump.  It  is  remarkable  that  here  we  can  force  the 
water  thus  sucked  up,  into  the  boiler  from  which  we  obtain  the 
steam.  This  apparatus  is  much  used  instead  of  ordinary  force 
pumps  for  furnishing  feed-water  to  boilers. 

Description  of  the  Injector. — Our  sketch.  Fig.  84,  shows  a  section 
of  the  apparatus.  The  pipe  .A  connects  with,  the  steam  spaoe 
of  the  boiler,  and  when  the  cock  Hia  opened  the  steam  passes 
through  a  number  of  holes  in  the  pipe  BG  into  this  pipe, 
which  ends  in  a  conical  mouthpiece  C.  This  mouthpiece  empties 
into  a  chamber  2>,  which  communicates  by  the  pipe  FF  with 
the  feed- water  tank  QQ.  The  feed  water  and  the  in  large  part 
condensed  steam,  pass  thrpugh  E  and  enter  a  second  conical 
mouthpiece  O.  It  then  passes  through  the  pipe  JT,  valve  V 
and  pipe  Zr,  which  communicates  with  the  water-space  in  the 
boiler.  The  flow  of  steam  is  regulated  by  a  conical  spindle  N^ 
which  can  be  raised  or  lowered  by  the  crank  M.  The  flow  of 
feed  water  can  also  be  regulated  by  means  not  shown.  By  the 
pipe  5  the  surplus  water  which  collects  in  the  chamber  B  is 
removed. 

The  action  of  the  apparatus  is  easily  understood.  H  is 
opened  and  the  spindle  C  raised ;  steam  flows  with  great  Te- 
locity into  the  chamber  i?,  carries  out  the  air  with  it,  and  thus 


t 
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canses  in  the  chamber  and  snotion  pipe  F  a  partial  Tacnom. 
The  feed  -water  rises  through  FF  into  the  chamber  D.  The 
spindle  is  then  raised  farther,  and  more  steam  enters,  a  great 
part  of  which  is 
condensed  bj  con- 
tact -with  the  cold 
feed  water.  The 
steam  still  ooming 
from  the  boiler 
driTes,  by  reason 
of  its  liTing  force, 
the  feed  water  and 
condensed  steam 
through  E,  into 
the  monthpiece  (?, 
and  it  then  passes 
hjK,  r,and£into 
the  boiler.  If  the 
ratio  of  the  enter- 
ing steam  and  feed 
water  is  just  right, 
the  stream  of  wa- 
ter where  it  passes 
from  E  \x>  G,  and 
which  can  be  ob-  " 
served  by  a  small 

w  i  n  d  o  w    at    £,  Pn.  m. 

ahonld  be  perfect- 
ly transparent,  so  that  neither  steam  nor  water  departs  by  B, 

Theory  of  the  Apparaiua. — Dimensions. — As  has  been  remarked 
in  Part  L,  this  apparatus  testifies  to  the  correctness  of  the 
mechanical  theory  of  heat  For  if  the  valve  V  is  open,  one 
wonld  say  that  the  boiler  water  ought  to  escape  just  as  much 
as  the  steam,  since  the  pressure  npon  the  water  is  the  same  as 
the  steam  tension.  It  however,  we  consider  that  the  work  in- 
herent in  the  steam — in  other  words,  the  total  heat  of  the  steam 
— is  much  greater  than  that  of  the  boiler  water,  we  can  under- 
stand how  the  excess  of  inner  work  can  not  only  suck  np  water 
and  force  it  into  the  boiler,  but  also  heat  this  water  to  the  tem- 
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perature  of  the  boiler.  That  which  in  ThompBon's  pump  is 
performed  by  the  outer  living  force  of  the  water,  is  here  per- 
formed by  the  inner  living  force  of  the  steam,  by  that  which  we 
call  the  vibration  work  of  the  molecules. 

Let  the  velocity  with  which  the  steam  passes  the  orifice  at  C 
be  w ;  the  steam  pressure  in  the  boiler  be  p  kilograms  per 
square  meter  ;  t  be  the  temperature  and  q  the  heat  of  the  liquid 
Every  kilogram  of  steam  which  passes,  contains  x  kilograms  of 
pure  saturated  steam  and  1  —  a;  of  water.  If  O  kilograms  pass 
C  per  second,  we  have  in  this  time  xO  kilograms  of  steam  and 
(1  '-x)G  of  water.  We  assume  further,  the  pressure  in  the 
condensing  chamber  Di  =  pi. 

According  to  page  616,  the  heat  which  imparts  to  the  steam 
the  velocity  w  is 

g  +  «/)  +  Apxu -  {qi  +  XxPi  +  ApiX^u^  +  A<y{p-p^  "^^ ' 

where  x  is  the  specific  steam  weight  in  the  boiler,  and  oci  that 
in  the  condensing  chamber.  If  we  assume  that  here  the  steam 
is  completely  condensed,  x^  =  0,  and  we  have 

g  4-  ap  +  Apxu  —  ji  +  A(T  {p  —pi)  =  -^qt— .  (LXXIV.) 

Here,  qi  is  the  heat  of  the  liquid  in  the  condensing  chamber, 
hence  q  +  xp  -\-  Apxu  —  q^  is  the  heat  which  the  steam  has 
given  up.  We  have  then,  in  this  condensed  steam,  qi  heat 
units  per  kilogram.  If  the  flow  is  O  kilograms  per  second,  we 
have 

GA^  =  G[q-hxp'{'  Apxu  -  fi  +  A<T(p  ^p^)].  (LXXV.) 
From  page  620,  Equation  LXL,  we  have  also 


2g         m  —  iL        \jp/       J 

In  the  following  investigations  and  calculations!  we  shall 
make  use  of  one  or  the  othev  of  these  formula. 
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Let  as  first  apply  the  former. 

The  entering  steam  generates  at  first  in  the  condensation 
chamber  a  yacunm.  Cold  water  is  then  forced  up  by  the  outer 
pressure  of  the  air  into  this  chamber.  If  now  water  flows  from 
a  reservoir,  upon  whose  surface  there  is  a  pressure  p^  per 
square  meter,  into  another  in  which  the  pressure  is  pu  and  if 
h  is  the  head,  we  have  for  the  living  force  in  the  issuing 
water,  O^ 


g<''=[^+»>» 


where  u  is  the  velocity  and  -  =  (T  ;  hence 

If  A  is  negative,  or  the  water  is  raised,  which  can  only  be 
when  ih  <  J3bt  we  have 

or 


u  =  V2sr  [(|3b  -i>i)  <r  -  A]  =  443  V(i?b  -  i^  o"  -  A . 

For  English  units  put  8.022  in  place  of  4.43* 
The  heat  equivalent  to  the  above  work  is 

A^Go=A[(po  -Pi)  (T-h]Go  heat  units  .    (LXXTIL) 

If  the  heat  of  the  liquid  for  the  cold  water  is  qo,  the  heat  in 
it  is  qoOo  heat  units.  At  the  beginning  of  the  entire  process 
we  have  the  heat 

0(g  +  rx-qi)  +  OA(r  (p  -^pi)  +  A  [{po  -pi)  (T  -  A]  G^o  +  JoG^o- 

(LXXYm.) 

This  heat  performs  the  following  works :  1.  It  has  to  heat 
ihe  cold  feed  water.    2«  It  has  to  impart  to  it  a  certain  velocity. 
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SO  that  the  water  mass  G^  and  condensed  steam  mass  0  may 
pass  with  equal  Telocity  through  E.  3.  The  combined  mass 
Oq  -h  (r  must  overcome  on  entering  the  chamber  B  the  outer 
air  pressure,  since  JR  communicates  with  the  atmosphere  by  8, 
Let  now  the  velocity  of  the  mass  G  -h  Gohe  utt,  the  mechani- 
cal work  inherent  in  it  is 

and  this  represents  the  heat 

A^(G+Go)  ....    (LXXIX.) 

Since,  further,  the  Gq  kilograms  of  feed  water  must  have  the 
same  heat  of  liqidd  as  the  condensed  steam,  it  must  contain 

qiGo  heat  units. 

Finally,  the  work  required  for  overcoming  the  air  pressure 
in-B,^is 

(Po-pi)(r{G+Go)* 

This  corresponds  to  the  heat 

^(Po  -Pi) <y{(^  +  G^  heat  units  .    (LXXX.) 

These  three  last  quantities  of  heat  must  equal  that  given  bj 
Equation  LXXYITL    Hence  we  have 

0{q-\-rx-qi)-\'  OAff  (p  -pi)  +  G^A  [{po  -pi)  <r  -  A]  +  ftft 
=.A^{0  +  Go)  +  giGo  +  A(r{po^pi){G  +  Go). 

Or,  reducing  and  canceling  equal  quantities  on  both  sides, 

G{q  -hrx-qi)  +  GAa  (p-po)-  G^^Ah  +  ^o^o  = 

This  equation  contains  two  unknown  quantities,  the  heat  qi 
and  the  velocity  t^.    If  the  apparatus  feeds  the  same  boiler 

from  which  the  steam  is  taken,  the  living  force  ^  (^  +  ^o)  <^ 
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ihe  "water  must  be  so  great  as  to  be  able  to  force  the  mass 
{O  +  <?o)  uito  the  boiler. 

If  we  assume  that  the  condensation  chamber  D  lies  at  the 
level  of  the  boiler  water,  we  have,  since  the  pressure  in  the 
boiler  is  j>  and  that  in  R  is  js^p 

^((?  +  (?o)  =  <r(i)-iJb)(G^+(?o). 

The  right  side  represents  the  work  necessary  for  overcom- 
ing the  pressure  p  —po,  neglecting  all  resistances.    Hence 


t^=  V2?<r(p-iJb)=443V<r(i>-i>o).    (LXXXIL) 

where  p  and  po  are  given  in  kilograms  pet  square  meter.    If  we 
express  p  andj^b^i  atmospheres,  then,  since,  <r =0.001  (or  0.016), 

t«i  =  443  Vl0.dU{p-po)  =  1424  Vf^^ 

For  English  units  put  46.70  in  place  of  1424  

By  reason  of  resistances,  we  may  put  Ui  =  1467  Vp  —  Po,  and, 
sinoe  j9b  is  always  1, 

Wi  =  1467  Vp  —  1  meters.    .    (LXXXICL) 
Far  English  units  put  48  in  place  of  1467. 

If  in  LXXXL  we  put  ^  ((?  +  ff^)  =  <^  (j>—P^){<^  +  ^o),  we 
have 

0{q  'hrx-gi)-h  0A(T  (p-po)-  OoJh  +  ?o<?o 
^Aff{p-po){G  +  Go)-\-q,0^ (XO.) 

This  equation  leads  to  interesting  considerations.    We  may 
consider  it  as  composed  of  two  equations,  viz. : 

0{g+rx'-qi)  =  {qi-go)Oo.    .    .    .    (XGL) 

OA(T{p-p^)  -  Of^  =  A(x(p  -po)(0  +  Oo), 

or 

0=^0^(T{p-po)'^OoAh^Ool(T(p-po)+hlA    (xon.) 
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The  first  of  these  equations  would  indicate  that  the  heat 
given  up  by  O  kilograms  of  steam  and  water  of  the  temper- 
ature t^  when  cooled  under  constant  pressure  p  into  water 
at  ^  is  sufficient  to  heat  O^  kilograms  from  ^  to  ^  degrees, 
or  to  impart  ^o  (?i  ~  S'o)  heat  units.  But  if  this  is  so,  then, 
as  is  seen  from  the  second  equation,  there  is  no  heat  or 
mechanical  work  remaining,  in  order  to  raise  the  mass  O^  and 

force  it  into  the  boiler.     I^  therefore,  the  ratio  ^  and  the 

values  of  ^,  ^o,  and  x  are  known,  we  should  find  q^  from  the 
first  equation,  too  large,  and  the  excess  is  that  heat,  or  work, 
necessary  for  raising  Oq  and  forcing  it  into  the  boiler.  Thus  it 
follows,  unmistakably,  that  in  our  apparatus,  during  the  entire 
process,  a  part  of  the  molecular  work  of  the  steam  is  trans- 
formed into  outer  wozk. 

As  has  been  remarked,  we  can  only  give  a  satisfactory  ac- 
count of  this  apparatus  when  we  assume  this  principle  as 
correct  That,  however,  a  very  small  amount  of  heat  suffices 
for  the  raising  of  the  water,  can  be  easily  shown  by  a  practical 
example.  This,  also,  follows  from  the  fact  that  one  heat  unit 
corresponds  to  a  mechanical  work  of  424  meter-kilc^rams. 

From  an  experiment  by  the  French  engineer  Yilliers,  the 
height  h  to  which  the  injector  raised  the  water  was  4  meters, 
the  pressure  p  in  the  boiler  was  4^  atmospheres  corresponding 
to  a  temperature  ^  of  146.19'',  and  heat  of  liquid  q  =  147.55 
heat  units,  and  total  latent  heat  of  r  =  503.54  heat  units.  The 
steam  contained  about  7  per  cent,  of  water.  Hence  x  was 
1  -  0.07  =  0.93,  and  ra?  =  503.54  x  0.93  =  468.29.  The  tern- 
perature  to  of  the  feed  water  was  23.5°,  hence  qo  =  23.5L  Fi- 
nally, the  temperature  of  the  issuing  water  (mixture  of  steam 
and  water)  was  ^  =  60.5**,  and  hence  qt  =  60.64.  If  we  sub- 
stitute these  values  in  the  first  of  the  above  equations,  we  have 

for  the  ratio  ^  of  the  feed  water  to  the  steam  used, 

Oo  _  147.55  -h  468.29  -  60.64  ,  ^  ^  gg 
a  60.64  -  23.51  ^*'^^* 

n,  then,  no  mechanical  work  had  been  necessary  for  raising 
the  water  and  forcing  it  into  the  boiler,  we  should  have  for  the 


THEOBT  OF  THE  mJEGTOB.  639 

giyen  data  of  the  apparatus,  1495  times  as  mucli  cold  feed 
water  as  steam.  But  now,  for  this  raising  and  forcing,  work  is 
required,  and  hence  this  ratio  should  be  less.  And  inversely, 
if  this  ratio  were  correct,  the  heat  of  the  liquid  qx  should  be 
less.    The  second  equation  tells  us  bj  how  much,  viz.,  bj 

A\h+  (J{p  — i^b)]  heat  units. 

Since  now  A  =  4,  <y  =  0.001,  p  =  10334  x  4j,  ^j^  =  10334,  we 
have 

Ht  [4  +  10334  (426  -  1)]  =  0.089  heat  units  per  kilogram. 

Of  this,  T^  X  4  =  0.01  per  kilogram  are  used  for  raising  the 
water  and  0.079  for  forcing  it  into  the  boiler.  We  see  that  this 
heat  is  so  insignificant  that  it  can  only  be  observed  by  specially 
constructed  thermometers.  This  is  explained,  asfidready  re- 
markedy  by  the  fact  that  1  heat  unit  represents  the  considerable 
work  of  424  meter-kilograms,  and  hence  a  very  small  loss  of 
molecular  work  can  cause  a  considerable  amount  of  outer 
work.    For  these  reasons  we  may  use,  in  all  practical  cases, 

the  first  equation  for  determining  -^ ,  when  ^,  ^  and  Iq  are  known, 

or  for  determining  ^  from  t^  ^  and  ^. 
From  the  equation 

Giq-^rx--  ft)  =  (7o(?t  -  ?o) 
we  have 

G^  (j  +  ra?)  4-  Giyo  =  <?o?i  +  Oqu  hence 

^  _<y(?  +  ra?)  +  G^ggo 
^     ^' W^TO        • 

Instead  of  g  +  rx^  we  can  put  the  total  heat  {w)  in  1  kilo- 
gram of  steam  of  the  temperature  t  Since,  further,  q^  and  qi 
cannot  be  large  (jo  iB»  for  example,  on  an  average  IS'',  and  ft  at 
most  60"^),  we  can  put  the  temperatures  in  place  of  the  liquid 
heats.    We  have  then 

^  =  ^ZX^a     ....  (xcm.) 
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where  W  =  606.5  +  0.306<  (or  for  English  units  1091.7  +  a305 
(^-32>  We  have  also 

ff=f^ <^<^' 

Henoe  we  have  the  temperature  of  the  mixtnre  of  steam  and 
liquid.  This  formula  could  have  been  found  directly,  if  we  had 
assumed  the  views  as  to  the  action  of  the  apparatus  referred 
to  as  correct 

Before  proceeding  to  further  calculations  of  the  dimensiona 
of  the  apparatus,  let  us  consider  here  a  question  of  practical 
interest,  viz.,  which  is  the  most  economical,  an  ordinary  feed- 
pump or  the  injector? 

We  have  assumed  aboye  that  the  injector  requires  O  kilo- 
grams of  steam  per  second  of  the  temperature  t  The  genera- 
tion of  this  steam  out  of  water  at  T,  if  in  each  kilogram  there 
are  x  kilograms  of  steam,  requires  Orx  heat  units.  Now  the 
injector  forces  every  second  O  -{•  Oq  kilograms  of  water  at  ^  de- 
grees into  the  boiler,  in  which  it  is  heated  up  to  f".  This  re- 
quires the  heat  {Go  -v  O)  {q  —  q^  heat  units.  The  total  heai 
required  per  second  is  then 

Q  =  Grxi'(Go  +  G)q'-qi) (XCV.) 

Now  we  have  from  the  general  equation,  page  537, 

Go  {qt  —  ?o)  +  OoA  [<y  {p  -po)  +  A]  =  0{q  +  ra:  -  ?i)> 
or 

G^  \_<T(p  -^)  +K]-G^o=Grx-hG{q^  gO  -  G^^, 
and,  adding  G^ff  to  both  sides, 

<^o{q-qo)  +  G^  [<^(p-pi)  -hh]^  Grx -\- {G  +  G.)  (q-q^ 
From  this  equation  and  Eq.  XCY.,  we  have 

Q=Go{q'-qo)-h  GoA[(T{p--p,)  +  h'].    .    (XCVI) 

The  first  member  on  the  right  gives  the  heat  which  G^  kilo- 
grams of  water  require  in  order  to  become  heated  from  to  to  if 
that  is,  to  the  boiler  temperature.    The  second  member  is  the 
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beat  required  to  raise  (7o  kilogtamB  of  vater  to  the  hei^t  h 
and  then  to  force  it  into  the  boiler.  HeTKe  the  Iteai  required  to 
run  the  injector  dq)eiuia  ordy  on  these  quantitiea,  and  ia  ind^enderti 
of  the  steam  quaviity  G  vaed  by  the  apparatus.  This  is  evident 
vhen  we  consider  Uiat  the  quantitr^  of  heat  required  bj  the  in- 
jector is  always  returned  to  the  boiler.  If  it  uses  more  steam, 
or  steam  of  higher  tension,  it  can  fnmish  more  water,  bnt  in  all 
cases  the  heat  required  for  the  generation  of  this  greater  ten- 
sion is  returned  to  the  boiler.  Of  coarse,  in  this,  we  disregard 
all  losses  of  heat  due  to  radiation,  conduction,  and  loss  of 
steam.  If  we  remember  BtUl,  that  the  second  member  on  the 
right  is  almost  Tanishinglj  small  with  respect  to  the  first,  we 
have 

G=ffo(3-?o) (XGVnL) 

Hence  the  heat  required  by  the  injector  is  greater  the  more 
water  it  furnishes  to  the  boiler,  or  the  more  water  or  steam  the 
engine  uses  per  second ;  the  greater  the  temperature  of  the 
boiler,  and  the  less  that  of  the  feed  water.  Precisely  the  same 
is  true  of  the  ordinary  feed  pump. 

Suppose  that  the  pump  has  £rst  to  raise  the  cold  water  to 
the  height  h.     The  work  required  is  O^ 

This  water  is  now  to  be  forced  in- 
to the  boiler,  where  the  pressure  is 
p.    This  requires  the  work 

Gtpa  -  Gapoff  =  Goff  (j>  —J*)). 

If,  therefore,  the  pump  makes  one 
revolution  per  second,  it  furnishes 
per  second  6'o  kil(^;rams  of  water  at 
the  temperature  ^°,  and  the  work 
required  is 

or  in  heat  units 

AGi[ff(p-p;)  +  hl  ita.SB. 

or  tiie  same  as  in  equation  XOTL  was  found  for  the  injector. 
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In  the  boiler,  the  0  kilograms  are  heated  from  ^  to  <  degrees, 
which  requires 

O^  {q  —  Jo)  heat  units. 

The  total  heat  for  the  working  of  an  ordinary  pump  is  therefore 
precisely  the  same  as  for  the  injector. 

Theoretically,  then,  the  one  apparatus  has  no  advantage  over 
the  other.  If  we  consider,  however,  that  the  frictional  resist- 
ances in  the  pump  are  much  greater,  the  injector  is  the  best 
This  is  not  the  case,  however,  when  the  apparatus  is  used 
simply  for  the  raising  of  water  only,  as  we  shall  soon  point 
out. 

As  to  the  height  of  suction  %,  this,  as  has  been  shown  by  ex- 
periment, is  much  less  when  the  injector  first  begins  to  work 
than  when  in  full  action.  The  reason  may  be  as  follows: 
When  the  apparatus  is  set  in  action,  we  have  in  the  condensing 
chamber  DD  air  of  atmospheric  tension.  The  steam  rushing 
through  G  carries  with  it  especially  those  particles  near  the 
orifice,  and  causes  a  partial  vacuum.  But  in  consequence  of 
this  there  is  a  quick  vaporization  of  the  particles  of  water  in 
the  steam,  or  of  those  remaining  in  the  condensing  chamber, 
which  diminishes  the  vacuum.  When  once  the  apparatus  is 
in  full  activity,  the  steam  is  at  once  condensed  by  the  cold  feed 
water.  We  have  indeed  still  steam  mixing  with  the  rarefied 
air,  but  steam  whose  pressure  depends  only  upon  the  tempera- 
ture of  the  resulting  mixture  of  steam  and  water. 

According  to  the  experiments  of  Villiers,  at  Si  Etienne,  we 
have  the  following  results  for  the  height  of  suction  and  steam 
pressure  in  boiler  at  beginning  of  action : 

For 

jp  =  2.        2.5        3.  8.5        4        45    atmos. 

A  =  1.4      2.  2.47        2.8        8.        8.1    meters. 

When  the  apparatus  was  in  full  action 

h  =  3.14    4  449        474     499    499  meters. 

We  see  that  both  in  beginning  as  in  normal  action,  beyond 
a  certain  steam  pressure,  there  is  no  further  increase  in  height 
of  suction. 
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The  results  obtained  by  Beutber  from  a  steam  jet  pump 
coincide  well  with  the  preceding.    According  to  these  for 


p=%. 

2.5 

3.        atmoB. 

A  =  Ld2 

L88 

2.35    meters, 

ill  aetion 

A=3.46 

a69 

44    meters. 

The  first  results  for  beginning  of  action,  are  given  closely  by 
the  empirical  formula 

A=  -  1.124+ 1.4te -0.1aj»  .    .    .    (XOIX.) 

where  x  is  given  in  atmospheres. 
For  3  atmospheres  we  have 

A=-L124  +  L46x3-0.1  x  9  =  2.356  meters. 

These  values  should  not  be  exceeded  for  good  feeding,  other- 
wise the  water  drawn  up  enters  the  condensing  chamber  with 
small  velocity,  and  less  may  be  furnished  than  is  required  for 
feed.  In  general,  we  allow  the  water  to  enter  with  about  10  to 
20th  part  of  the  velocity  which  it  possesses  at  E.  If  we  denote 
then  the  velocity  in  the  suction  pipe  by  %  we  have 

Hence,  the  cross-section  F%  of  the  suction  pipe  should  be 
10  or  20  times  as  great  as  that  of  E.  If  this  is  ^i,  we  have 
^2  =  10J\  to  20Fi.  If  we  denote  the  diameter  by  d%  and  that 
of  E  by  c2i,  then 


f^  =  10?^  to20^, 

4  4  4 


or 


^Y=  10  to  20. 


d) 


I^  therefore,  we  know  the  velocity  u  with  which  the  water 
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enters  the  condensing  chamber,  we  can  find  the  pressure  pi 
as  soon  as  we  know  the  height  of  suction  A.  Thus  we  hsTe, 
Equation  LXXYIL, 

—  =l^<y-^<r— A    or 

ft=-P^-|-"^ ^^^ 

where  ^  and  jp^  are  given  in  kilograms  per  sq.  meter.  K  fi 
and  j3b  fti*6  given  in  atmospheres,  and  (S  =  0.001,  we  have 

_  10334  -  lOOOt  -  51tf» 
^  "^  10334 

or 

^  =  1  -  0.097A  -  0.006i^.   .    .    .    .    (C!L) 

In  English  units,  ih  =  1  -  0.0296A  -  0.00046tt*. 
If,  for  example,  A  =  1.3  meters,  and  u  =  3  meters, 

l>i  =  1  -  0.097  X  1.3  -  0.006  x  9  =  1  -  0.1711  =  0.83  atmos. 

is  the  pressure  in  the  condensing  chamber. 

As  soon  as  j9i  is  known,  we  have  the  velocity  of  efflux  v>  of 
steam. 

For  English  units  put  8.022  in  place  of  4.43. 
If  we  have  dry  saturated  steam,  m  =  1.135,  and 


«;  =  1305.83J/ iw[l-(^)  "*  ]  .    .     (CaDO.) 

For  English  units  put  1070  in  place  of  1305.83. 
If  the  steam  contains  10  per  cent  water,  m  =  L125,  and 

/  m-l 

«  =  136iy  iw[l-(^)  "  ]   .    .    (CIV.) 
For  English  tuiits  put  1107  in  place  of  135L 
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On  aoconnt  of  resistances,  we  may  pat 


=  1324.6y  l>r[l-(|)"*].     .    (CV.) 


For  English  units  put  1086  in  place  of  1324.5. 


m-l 


where  1  —  f  ^  j        is  given  in  Table  V. 

Since  now  we  can  either  calculate,  or  find  by  experiment,  the 
steam  weight  used  per  second  by  a  projected  or  existing  steam 
engine  of  given  horse  power,  we  can  determine  by  Equation 
XCIY.  the  steam  weight  required  by  the  injector,  if  we  fix 
upon  the  temperature  of  the  mixture  of  cold  water  and  steam 
furnished  by  the  boiler,  and  know  the  temperature  of  the  in- 
jection water.  If  we  denote  the  steam  quantity  in  kilograms 
required  by  the  injector  by  (?,  and  if  the  specific  steam  volume 
in  the  boiler  is  t;,  we  have  for  the  area  Fi  of  the  orifice  (7, 
from  Equation  LXY., 


*       to  \piJ         w    '    \i>/ 


The  diameter  dx  of  this  orifice  is  then 


d,  =  j/M  =  1.129  VF,. 


EXAMPLE. 

The  steam  pTfosore  p  in  the  boiler  is  5  atmospheres,  the  height  of  suction 
h  =  1.75  meters  (or  5.74  feet).  The  condensing  chamber  is  on  a  level  with  the 
boiler-water  level.  The  engine  uses  7.5  kil<^rams  (or  16.5  lbs.)  of  steam  per 
minute  (page  453).  What  should  be  the  area  of  the  mouthpiece  C  in  a  Giffard 
injector  ?  what  of  the  suction  pipe  F  and  the  pipe  E,  when  the  feed  water  has 
a  temperature  of  15°  (59*  Fah.),  and  the  mixture  of  water  and  condensed  steam 
40'  (104*  Pah.)  ? 

The  velocit]r  «i  of  the  water  in  ^  is,  Equation  LXXXIII., 

«i  =  14.67  Vl?^^  =  14.67  V~i  =  29.84  meters  per  sec. 

If  1  =  48  /4  =  96  feet  per  sec. 

7  5 
Since  the  engine  requires  per  minute  7.5,  or  per  second  ^  =  0.125  kilograms, 

36 
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(0.276  lbs.)  this  is  the  feed.    Since  the  mixture  of  steam  and  water  has  a  tem- 
perature of  ^O**,  we  have  from  Equation  XCIY., 

O.  _  0.125  _  ir~40  0.275      IT- 104 

Gt  ~     6^    ""40-15'    °'        e    -104-69' 

19ow  W  =  606.5  +  0.806<,  and  t  for  5  atmospheres  is  162.22  (or  805.M6  Fah.), 
henoe  IT  =  660.88  (or  1176.2)  and 

0.125  _  650.08 -40_  ^  ^ 
'~Q~  -         25         "  ^^* 

0.275      1175.2  -  104      «. 
or-^  = 46 =  ^ 

Hence  the  steam  weight  used  per  second  hj  the  injector  is 

e  =  2^  =  0.00512  kilograms. 
24.44  ^ 

G  =  ^L^  =  0.01126  pounds. 
24 

We  have  then,  flowing  through  E,  0.125  +  0.00612  =  0.180  kilograms  (or 
0.286  lbs.)  of  water  at  40"  (or  140*"  Fah.).  Since  1  kilogram  occupies  the  ^Mioe 
of  0.001  cubic  meter  (or  1  lb.  0.016  cub.  ft),  0.180  occupies  0.000180  (or  0.00457 
cub.  ft.).    If  the  area  of  .^  is  ^,  then 

Fui  =  0.000180, 
or  Fui  =  0.00467. 

Since  Ui  =  20.84  (or  06), 

F  =  0.00000448  sq.  meter. 
F  =  0.000047  sq.  ft. 

If  d  is  the  diameter, 

^Y  —  0. 785^2'  =  0.00000448,  or  d  =  2.4  millimeters,  or  0.00  inch. 

If  we  take  the  diameter  of  the  suction  pipe  5  times  as  large, 

da  =  12  millimeters. 

If  d«  is  5d,  the  water  flows  ^  as  fast  in  the  suction  pipe  as  in  Jff,  or  has  a 

29.34 
Telocity  of  -^  =  1.174  meters  (or  8.84  ft.).    Hence  the  preasure  p^  in  the 

condensing  chamber,  is  from  Equation  CI., 

l?i  =  1  -  0.097  X  1.75  -  0.005  (1.174)», 
otp,  =  1  -  0.0296  X  6.74  -  0.00046  (8.84)«, 

or  taking  into  account  resistances  in  the  suction  pipe, 

i)i  =  1  -  0.097  X  1.75  -  0.01  (1.174)«  =  0.82atmo8., 
ori>i  =  1  -  0.0296  x  5.74  -  0.00092  (8.84)'  =  0.82  atmos. 


J 
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Now  we  can  find  the  Telocity  w  with  which  the  steam  passes  0.    If  it  con- 
tains  10  per  cent  water,  we  baye  from  CV., 


»  =  1884.5|/j«|^l-(^|y-J. 


For  English  units  we  pnt  1085  in  place  of  1824.  S. 

Since  «  =  ^  +  tf  =  0.90  x  0.868  +  0.001  =  0.828  (or  6.288),  and  ^ 

P 

^^  =  0.1H  we  have  from  Table  V.,  1  -  (j^  "  =  0.1728,  and  hence 


w  =  1824.6  V6  X  0.828  x  0.1728  =  706.96  meters, 


or  w  =  1085  V5  x  5.288  x  0. 1728  =  2814.8  feet 

The  cross-section  i^i  of  0  is  now 

0.00512  X  0.828 
Fi  = 705796 "^  0.1821  =  0.0000181  sq.  meters, 

0.01126  X  5.288 
or  Fx  = ggjj H-  0.1821  =  0.0001418  sq.  ft 

dx  =  1.129  VK~=  1.129  X  0.00862  =  4.09  milUmeters. 
dx  =r  1.129  VFx  =  0.012  ft  =  0.14  inches. 

JSemarh — Although,  as  has  been  remarked,  the  injector  is  a 
good  feed  apparatas  for  boilers,  and  is  to  be  preferred  to  ordi- 
nary pomps,  this  is  by  no  means  the  case  when  the  apparatas 
is  simply  nsed  for  raising  water.  The  steam  passing  C  has  a 
much  greater  velocity  than  the  water  in  E.  The  condensed 
steam  particles  experience  then  a  sudden  change  of  Telocity. 
There  is  thus  impact,  by  which  a  large  part  of  the  living  force 
of  the  steam  is  lost  and  does  not  contribute  to  useful  effect 
By  this  impact  there  is  indeed  heat,  but  as  in  the  present  case 
we  have  to  do  only  with  outer  work,  this  is  of  no  accouni 
The  application  of  steam  in  such  a  case  is  no  more  advan- 
tageous than  would  be  its  application  in  the  case  of  an  impact 
or  reaction  wheel 
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BUPEBHEATED     STEAM. 


What  we  nnderstand  b j  superheated  steam  has  been  already 
specified  in  Chapter  XIY.  As  to  saturated  steam,  we  know  that 
it  obeys  different  laws  from  those  which  govern  permanent 
gases.  The  question  arises,  whether  the  same  holds  true  for 
superheated  steam?  This  is  in  part  true,  at  least  in  the  vicin- 
ity of  the  point  of  saturation,  that  is,  where  it  passes  into  satu- 
rated steam,  superheated  steam  differs  in  its  deportment  from 
the  permanent  gases.  Only  when  it  is  far  removed  from  this 
point  are  its  properties  the  same  as  air  or  other  of  the  so-called 
permanent  gases.  In  the  case  of  air,  for  example,  we  have 
learned  that  it  expands  rh  =  0.00366  of  its  volume  for  each 
degree  rise  of  temperature.  Saturated  steam,  on  the  other 
hand,  when  heated  apart  from  water,  under  constant  pressure 
from  100  to  llO"",  expands  5  times  as  much  as  air,  and  for  fur- 
ther heating  from  110  to  115.6,  126.5  and  186.1°,  it  expands  re- 
spectively, 4,  3,  and  2  times  as  much.  It  follows  that  only  at  a 
considerable  distance  from  the  point  of  saturation  is  the  deport- 
ment of  superheated  steam  that  of  a  gas.  When  it  has  arrived 
at  this  state,  we  have  the  same  uniformity  in  expansion  which 
we  have  for  gases,  and  the  formulse  for  gases  apply. 

This  deportment  of  saturated  steam,  and  of  superheated 
steam  near  the  point  of  saturation,  can  only  be  explained  on 
the  supposition  that  the  molecules  are  more  strongly  attracted 
than  those  of  permanent  gases,  but  that  this  attraction  de- 
creases the  more  the  steam  is  superheated,  or  the  farther  it  is 
from  the  point  of  saturation.  If,  then,  superheated  steam  ex- 
pands under  constant  temperature,  the  heat  imparted  is  not 
equal  to  the  outer  work,  as  is  the  case  with  air,  but  rather 
more  heat  is  necessary  in  order  to  force  the  molecules  apart  or 
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to  decrease  their  mutual  attractioiL  If  this  heat  is  not  added, 
the  temperature  cannot  remain  constant,  but  the  heat  required 
for  this  inner  work  must  be  furnished  by  the  steam  itself. 

Illustration  ly  Diagram  of  Saturated  Ofnd  Superheated  Steam. — 
Let  OA,  Fig.  86,  be  the  volume  (a)  of  one  kilogram  of  satu- 
rated steam  at  100%  and  AB 
the  corresponding  pressure 
of  1  atmosphere.  Then  B 
is  a  point  in  a  curve  of  con- 
stant steam  weight  TiDiDi 
is  this  curve,  we  have  for 
the  volume 

OA  =  «  =  tt  4-  (T  cub.  m. 

If  0(7  is  the  volume  of  the 
steam  for  a  less  temperature 
and  CD  the  pressure,  D  is 
also  a  point  in  the  curve, 
and 

OC  =  «i  =  t«i  +  <r,  etc.  Fto.  w. 


0        NASF 


If,  therefore,  from  any  point  E  of  the  curve  A  A  ^^^  let  fall 
EFy  we  have  the  pressure  for  any  temperature.  This  last  can 
be  found  directly  from  Table  IL,  or  calculated  from  the  formula 
of  Magnus  (page  888).  In  like  manner  OF  gives  to  the  scale  of. 
abscissas  the  volume  corresponding  to  this  pressure  and  tem- 
perature. If,  now,  we  suppose  a  point  Gj  between  the  curve 
A  A  ftiid  the  axis,  .this  corresponds  to  a  mixture  of  steam  and 
liquid.  The  perpendicular  OH  gives  the  pressure,  but  OH  is 
not  the  specific  steam  volume  (volume  of  one  kilogram),  but  the 
specific  volume  of  the  mixture,  which  we  denote  by 

Since  we  can  determine  GH  in  the  same  way  as  £F,  and 
since  for  each  pressure  the  value  of  u  is  known,  and  since  OH 
gives  t;,  X  is  given  by 

t;  — (T 


0?  = 


u 
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If  we  wish  to  find  the  specific  steam  volume  for  the  pressnie 
OHf  it  is  only  necessary  to  draw  a  parallel  to  OX  through  G  till 
it  intersects  A^b  ^nd  a  perpendicular  from  this  point  cuts  off 
upon  OX  the  required  volume.  All  points,  therefore,  between 
DiDi  and  the  axes  are  points  which  relate  to  a  mixture  of  steam 
and  water.  For  each  of  these  points  there  is  a  curve  of  con- 
stant steam  weight. 

If  we  take  a  point  I  on  the  other  side  of  A  A*  this  relates  to 
superheated  steam.  The  perpendicular  IK  gives  the  pressure 
and  OK  the  corresponding  steam  volume.  Since  IK  is  greater 
than  LKy  the  pressure  for  the  same  volume  of  saturated  steam, 
the  temperature  must  be  higher.  If  we  draw  IM^  M  is  that 
point  for  which  saturated  steam  of  the  same  pressure  possesses 
the  less  volume  ON.  The  further  I  is  from  the  curve  A  A,  the 
more  is  the  steam  superheated,  and  the  more  perfectly  the  for- 
mulsa  for  perfect  gases  apply. 

The  Law  of  Him. — ^We  suppose  in  a  space  v,  1  kilogram  of 
saturated  steam  confined.  Let  it  flow  into  a  vacuum,  or  con- 
ceive the  vessel  enlarged.  Then  the  steam  will  occupy  a 
greater  volume,  and  be  no  longer  saturated.  By  this  operation 
no  outer  work  is  performed.  In  the  case  of  gases,  as  we  know, 
the  temperature  would  be  constant,  since  there  is  no  disgrega- 
tion  work.  Their  inner  work  is  then  unchanged  Now  Him 
asserts  (Zeuner,  Mech.  Warmetheorie,  page  436),  (hat  for  steams 
cdsOf  from  the  point  of  saiuraiixm  up  to  that  where  they  have  the  de- 
portment of  gases,  the  inkeb  wore  must  be  constant^  when  they  ex- 
pand in  a  vacuum,  or  adiabatically  without  performing  outer  tcorh 

There  is  indeed  no  reason,  from  the  standpoint  of  the  mechan- 
ical theory  of  heat,  for  calling  in  question  the  truth  of  this 
principle.  Now,  we  know  that  the  so-called  isodynamic  curre 
is  that  which  gives  the  change  of  condition  when  the  inner 
work  is  constant.  This  curve  then  must  give  the  deportment 
of  steam,  when  it  expands  in  a  vacuum,  from  its  point  of  satu- 
ration up  to  that  where  it  coincides  with  a  gas  in  its  properties, 
concludes  further  that  the  law  of  this  curve  is  given  by 


pv  =  piVi  =  p^Vf^  etc., 
that  is,  by  the  same  equation  which,  in  the  case  of  gases,  gives 
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the  isothermal  carve.  If,  starting  with  this  principle,  we  cal- 
culate the  specific  volume  of  superheated  steam  for  various 
temperatures  and  pressures,  we  find  certainly  a  very  satisfac- 
tory agreement  with  experimental  results.  That  the  principle 
cannot  be  perfectly  valid  will  appear  from  the  following :  We 
have  already  seen  (page  434)  that,  as  shown  by  Zeuner,  the  law 
for  the  isodynamic  curve  of  saturated  steam  is  given  very  ex- 
actly by 

ptf  =piVi^  =  etc., 

where  n  =  1.0456.  Although  this  value  of  n  is  indeed  not  far 
from  1,  it  follows  that  saturated  steam,  when  it  expands  but  a 
very  little,  or  is  but  little  superheated,  cannot  suddenly  pass 
into  a  condition  where  the  equation 

holds  good.  Near  the  point  of  condensation,  therefore,  the 
isodynamic  curve  of  steam  must  follow  a  somewhat  different 
law  from  Him's.  It  thus  seems  justified  when  we  assume  that 
in  the  adiabatic  expansion  of  saturated  steam  in  an  empty 
space,  the  law  of  change  of  condition  is  given  by 

where  the  value  of  n  changes  from  n  =  1.0456  to  n  =  1,  which 
corresponds  to  a  perfect  gas. 

Calculation  of  the  Specific  Vdume  of  Superheaied  Steam  by 
ExrrCs  Law. — ^Let  BF  be  the  curve  given  by 

pv-piVi-p^v^, 

or  the  isodynamic  curve  of  superheated  steam  according  to 
HinL    We  have  then 

P  -Pi*'P%  =  Vj:  Vi :  v. 

Through  B  pass  the  curve  GO  oi  constant  steam  weight 

Suppose  one  unit  weight  of  steam  at  say  5  atmospheres 
tension  {p)  to  expand  in  a  vacuum,  so  that  the  pressure  p% 
at  the  end  is  only  1  atmosphere.    Then,  according  to  Him, 
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the  entire  inner  work  for  the  pressure  'p%  is  eqnal  to  that  at  jx 
Denote  this  inner  work  by  Ux*    The  line  Ux  TJ^  parallel  to  OJ^ 

intersects  GG  at  £^  This 
line,  then,  gives  the  law 
according  to  which  satu- 
rated steam  of  1  kilogram 
and  volume  v^  expands 
under  constant  pressure  to 
t^  and  thus  passes  into 
the  superheated  condi- 
tion. If  the  specific  heat 
is  Cpy  and  if  we  assume  that 
Cp  is  constant  during  the 
expansion  (which,  accord- 
ing to  Begnault's  experi- 
mentSy  is  nearly  true),  and 
Y*  if  the  absolute  temperatnie 
^  at  Pi  is  2'^  and  at  TJ^  T^ 
we  have  for  the  heat  im- 
Fto.  87.  parted 

The  change  in  inner  work  caused  by  this  heat,  measured  in 
heat  units,  is 

and  the  outer  work  performed  is 


or  in  heat  units 


Now,  according  to  Him's  law,  the  inner  work  Ux  in  the  state 
jPiVa  is  equal  to  that  in  the  state  jw,  or  equal  to  that  at  B.    As 
soon  as  we  know  jj,  then  J7i  or  y  +  p  is  known.    We  also  know 
then  the  inner  work  in  the  state  p^Vi,  U^  or  gi  +  /o^ 
We  have  thus 


Hence 


^  (Oi  -  Di)  =  ?  +  A>  -  (ft  +  Pi). 
Cp{,Tx  -Ti)=q  +  p^(q^^pi)-^  -4ft(«^-  ^J* 


SUPERHEATED  STEAM.  563 

But  now  jftt;3=jw,    or    17,  =  -^. 

Henoe 

=  g  +  p  -  (ft  +  A)  +  ^  (pr  -piVi^. 

But  t;  =  «  +  <y    and    t;4  =  1*4  +  o*. 

Henoe 

0,(^1- TO  =  g  +  p-ft-Pi  +  4p(w  +  <r)-^P4(K4+o') 

=  g  +  P  +  -4p^  —  (fi'»  +  Pi  +  -4p*^0  +  Ap(T--Ap4ff. 

Now  ;  +  p  +  ud[pn  is  the  total  heat  Woi  1  kilogram  of  steam  in 
the  state  i^t;,  and  ft  +  p^  +  Ap^Ui  is  the  total  heat  W^  in  the  con- 
dition |>4t;4.    We  have  then 

(v,(2\-7;)=ir- ?Fi  +  ^eT(2>-p4).  .  (OVL) 

Instead  of  Ti  —  T^  we  can  put  ^  -  <^    Further 

fF=  606.6  +  0.306^,    and     JT,  =  606.6  +  0.306f„  hence 

JF- »r,  =  0.306  («-^). 
We  haye  therefore 

Cp{ti^ii)^  0.306 (< -  tij  +A(T{p-p,). 

I^  then,  the  specific  heat  Cp  is  known,  we  hare  for  the  super- 
heating of  the  steam  alone  Uf  Uu 

and  lor  the  iemperatoM  of  tiie  superheated  steam  in  the  state 
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Our  formula  then  gives  us  the  temperature  ti  of  superheated 
steam,  when  saturated  steam  of  any  pressure^  and  temperature 
t  expands  in  a  vacuum,  down  to  the  pressure  jp^  We  can  find 
from 

the  volume  V2  of  the  superheated  steam  of  the  pressure  p^ 
If  we  subtract  the  volume  v^  of  saturated  steam  of  the  same 
pressure  J94  =  jjj,  we  can  find  by  how  much  the  volume  v^,  of  this 
steam  must  be  heated  under  constant  pressure,  apart  from 
water,  in  order  that  it  may  have  the  volume  tv  An  example 
will  make  this  clearer. 


EXAMPLE. 

We  have  1  kilogram  of  dry  saturated  steam  of  j}  =  3  atmospheres*  What 
temperature  will  it  have  when  it  expands  in  vacuo  down  to  1  atmosphere  ?  Hoiw 
many  degrees  must  saturated  steam  of  1  atmosphere  be  heated  under  constant 
pressure,  in  order  that  for  the  same  temperature  it  may  haye  the  same  volume  ? 

For  J?  =  8  we  have  t  =  133.91*'  ;  forps  =  1,  ^(  =  100°.  According  to  Re- 
nault, Cp  =  0.4805,  hence 

,       ,.-       0.805  (133.91  - 100)  -H  Th  X  0.001  x  2 
^*""^"^=  0805  ' 

For  Fahrenheit  degrees,  U  -  212  =  0.305  (273.038-^21^^.- ^  x  0.061  x  2 

^  =  100  +  21.63  =  121.63"  Centigrade. 
tv  =  212  +  70.815  =  282.815  Fah. 

The  temperature  then  falls  from  133.91  to.  121.63,  or  12.28^. 
Since  no  outer  work  is  performed  in  the  expansion,  this  loss  of 
-vibration  work  must  be  ascribed  entirely  to  the  disgregation 
work. 

The  specific  volume  v  iorp  =  3  is 

v  =  t4  +  (T  =  0.587, 
hence  we  can  find  V2  from  pv  =  p^v^j  or 

Vj  =  ^  =     ^  ,' —  =  1.761  cubic  meters. 

The  volume  is  then  three  times  as  greai  The  specific  vol- 
ume of  saturated  steam  of  the  pressure  i^  =  i>4  =  1,  ifi  L650. 
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If,  then,  saturated  steam  at  1  atmosphere  is  heated  under  con- 
stant pressure,  until  its  temperature  is  121.63'',  that  is  until  it 

1  761 
is  raised  21.63,  its  volume  is  tWk  =  L067  times  increased. 

1.650 

If  we  disregard  in  our  formula  the  member  A<T{p  —  j^),  we 

have  the  very  simple  equation 

t^^^^o-mj^-t,) ^^^ 

I^  for  example,  we  know  from  experiment  what  volume  v^ 
one  kilogram  of  saturated  steam  of,  say,  1  atmosphere  tension 
assumes,  when  heated  from  ^  =  KW  to  ti°y  we  can  find  the 
temperature  t  which  1  kilogram  of  saturated  steam  must  pos- 
sess when,  in  expanding  in  vacuo  and  cooling  to  ^,  it  has  the 
same  volume.    Thus 

* 07305 •    •    •    •     ^^-^^ 

Thus  Him  found  that  saturated  steam  of  1  atmosphere,  when 
heated  under  this  pressure  to  148.5'',  occupies  a  space  of  1.87 
(=  Vt)  cubic  meters.  How  great  must  be  the  temperature  t  of 
that  saturated  steam  which,  after  expanding  in  vacuo  down  to 
1  atmosphere,  shall  have  the  same  temperature  and  volume  ? 

We  have         ,  ^  (1^-5  - 100)  0-4805 -f  30.6  ^  ^,g,. 

O.oUo 

This  temperature  corresponds  to  a  pressure  of  9.20  atmos- 
pheres. The  specific  volume  of  this  steam  is  0.203  cubic  me- 
ters. Since  at  the  end  of  expansion  the  pressure  must  be  1 
atmosphere,  we  have  from  pv  =  piV% 

m 

9.20  X  0.203  =:1  X  Vi,    or    v%  =  1.87  cubic  meters, 

or  exactly  as  found  by  Him. 

By  means  of  our  formulsB  we  can  also  find  what  volume  1 
kilogram  of  saturated  steam,  of  given  pressure,  has  when  it  is 
superheated  to  any  degree  under  constant  pressure.  Suppose 
we  have  1  kilogram  of  saturated  steam  at  3  atmospheres,  whose 
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temperature  is  133.9^,  and  that  we  heat  it  30^    What  vohime 
will  it  then  have  ? 
We  have 

,  _  (163.9  -  133.9)  0.4806  +  133.9  x  0.306  _  .q.  « 
t g-ggg 181,2. 

This  temperature  of  181.2''  corresponds  to  a  pressure  of  about 
10.26  atmospheres,  and  a  specific  volume  of  0.184  cubic  meters. 
We  have  then  for  the  volume  v%  required  {jpv  =  p%v%^f 

10.25  X  0.184  =  3t;a,    or    v^  =  0.629. 

If  then  1  kilogram  of  saturated  steam  at  3  atmospheres  is 
heated  30%  it  expands  from  0.686  to  0.629,  or  0.043  cubic 
meter.  It  follows  that  saturated  steam  of  a  high  pressure  ex- 
pands less  for  a  given  superheating  than  that  of  lower  press^ 
ure.  We  see,  also,  that  we  cannot  use  our  formula  for  great 
degree  of  superheating  and  high  pressures,  because  t  soon  be- 
comes so  great  as  to  exceed  the  limits  of  our  Table  IL 

Let  us  turn  once  more  to  our  figure.  Suppose  1  kilogram 
of  saturated  steam  in  the  condition  v^p^  and  assume  that  it  ]& 
heated  under  constant  volume  v^  If  the  temperature  is  ^  and 
becomes  by  heating  ^i,  we  can  find  the  specific  heat  for  constant 
volume.    Thus  the  heat  imparted  is 

Since  no  outer  work  is  performed,  this  heat  increases  the 
inner  work.  The  inner  work  of  1  kilogram  of  saturated  steam 
in  the  condition  v^  is  ^^s  +  /^  =  cj^  and  in  the  condition  ji^t;^ 

?2  +  Pa  =  «4 
Hence 

Now  the  inner  heat  J^  is  the  inner  heat  at  B^  according  to 
Him's  law,  which  we  denote  by  J.    Hence 

or 

ap=f=^ (cxn.) 
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We  have  found  above  for  the  specific  yolume  v%  of  1  kilogram 
heated  under  1  atmosphere  21.63'^,  v^  =  1.76.  Saturated  steam, 
which  by  expanding  in  yacuo  has  this  temperature,  must  have 
a  pressure  of  3  atmospheres,  or  a  temperature  of  133.91''.  For 
this  temperature  we  have  the  inner  work  J  =  60447.  This  in- 
ner work  is  possessed  by  the  1  kilogram  of  steam  after  expan- 
sion,  when  its  pressure  \a  pi=^\.  We  find  from  Table  IL 
what  temperature  saturated  steam  possesses  whose  specific  vol* 
ume  is  1.761.  We  find  by  interpolation  about  OS-O"".  For  this 
temperature  ^  we  have  c^  =  ^s  +  Pk  =  696.67.    Hence 

60447^96.67  _  0 343 
'^  ~   12L63  -  ^W  ~  "•***• 

More  exact  calcnlation  gives  0.347. 

Just  as  for  gases,  then,  the  specific  heat  for  constant  yoliune 
is  less  than  for  constant  pressure.    The  ratio  Tc  is 

,      Cp      0.4805  _ ,  oj,- 

Him  has  found  for  various  degrees  of  superheating,  the  spe- 
cific volume  of  steam  expanding  under  constant  pressure,  the 
following  experimental  results : 


100° 

Vt- 

=  L65  (satorated). 

162° 

Vf. 

=  1.93 

lias 

1.74 

200 

2.08 

141 

1.85 

205 

2.14 

I4a6 

1.87 

246 

2.29 

With  these  data  Zeuner  has  computed  by  Equation  UVJLLL  a 
table,  in  order  to  see  how  far  calculation  agrees  with  experi- 
menty  and  thus  to  test  the  validity  of  Him*s  law. 
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SPEOmO  YOLTTICE  AND  TEMPERATUBE  OF  SUPEBHEATED  STEAX 

ACCORDING  TO  ZEUNEB. 


Atmo& 

Vt  =  1.65 

^=100 

p=% 

1.72 

118.1 

8 

1.76 

121.6 

4 

1.79 

128.1 

5 

1.82 

188.4 

6 

1.84 

187.8 

7 

1.86 

141.8 

8 

1.87 

145.8 

9 

1.89 

148.5 

10 

1.90 

151.4 

11 

1.91 

154.1 

12 

1.92 

156.7 

18 

1.98 

159.1 

14 

1.94 

161.8 

If  we  compare  the  numbers  in  this  table  with  the  expeii* 
mental  results  of  Him,  we  find  a  good  agreement. 


APPENDIX  TO  CHAPTEB  XXm 

THEOBT  OF  SUPERHEATED  STEAM. 

Zeumzb  has  deduced  a  formula  for  superheated  steam*  which  holds  good 
equally  well  for  saturated  steam  also,  which  enables  us  to  find  easily  the  volume 
from  the  pressure  and  temperature,  or  inversely,  and  which  agrees  very  closely 
with  experimental  results.    We  give  here  an  abstract  of  his  article. 

The  formula  to  which  the  discussion  conducts,  is 

where  B  and  C  and  k  are  constants,  whose  values  are 

j5  =  ^l!!I!L,       Cp  =  0.4805,      i  =  1.888,      (7=192.50, 

Hence  pD  =  60.988  T—  192.5  Vp  where  the  temperature  is  Centigrade  taidp  is 
given  in  kilograms  per  square  meter,  and  v  in  cubic  meters.  We  see  that  this 
equation  differs  from  that  for  permanent  gases 

pv  =  JtT 
only  in  term  CJp  *  ,       or     O^p^ 

UplB  given  in  atmospheres,  v  in  cubic  meters  and  temperature  Gentigiade, 

we  have  jpo  =  0.0040287  T~  0.187815  ^. 

If  j>  is  in  atmospheres,  t;  in  cubic  feet  and  temperature  Fahrenheit,  we  have 

1^  =  0.048802  T- 8.00850  Vp* 

If  p  is  in  pounds  per  square  inch  and  v  in  cubic  feet  and  temperature  Fah« 

lenheit,  we  have  pv  =  0.644592  T—  22.581875  V>. 

If  we  use  this  formula  for  scUurtUed  steam,  since  for  a  given  pressure  there  is 
but  one  corresponding  temperature,  we  have  only  to  insert  the  given  p  and  cor- 
responding t,  and  we  can  calculate  v,  the  specific  volume.  The  specific  volumes 
thus  calculated  agree  perfectly  with  those  calculated  from  the  mechanical  theory 
of  heat,  within  ordinary  limits  of  pressure,  from  1  to  14  atmospheres,  as  we  shall 
see  in  the  following  discussion. 

To  use  the  formula  for  superheated  steam  for  a  given  pressure,  we  can  find  v 
for  any  desired  temperature  greater  than  the  corresponding  temperature  for  sat- 
urated steam.  Volumes  thus  calculated  agree  very  closely  with  those  given  by 
Him's  experiments,  as  will  be  seen  hereafter. 

The  formula  is  thus  perfectly  reliable,  and  enables  us  to  solve  many  practical 
problems  which  otherwise  are  incapable  at  present  of  solution.    The  importance 


*  Zeitachrift  des  Vereins  deatuchcr  Ingenieure,  Bd.  XI.,  p.  1,  I860. 
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of  such  a  formula  cannot  be  overestimated,  and  we  therefore  derote  a  fev 
pages  to  a  presentation  of  2ieuner*s  method  of  deduction.  We  shall  have  occa- 
sion to  use  the  Calculus,  but  that  need  not  deter  any  reader  from  satisfying 
himself,  at  least  as  to  the  reliability  of  the  formula,  and  familiarizing  himself 
with  its  use. 

It  has  been  often  observed  that  the  use  of  superheated  steam  instead  of  sat- 
urated in  the  steam  engine  possesses  special  advantages.  Observations  and  ex- 
periments,  among  which  those  of  Him  hold  a  high  place,  point  decisively  to  this 
conclusion,  and  indicate  that  engines  working  with  superheated  steam  are  mors 
economical  in  fuel,  and  must  come  more  and  more  into  favor. 

For  more  than  a  decade  experiments  to  determine  the  advantages  of  super- 
heated steam  have  been  made,  especially  in  America  ;  and  when  we  consider  the 
extremely  favorable  results  of  Wethered  with  mixtures  of  saturated  and  super- 
heated steam,  it  seems  remarkable  that  the  use  of  superheated  steam  has  not  had 
a  more  extended  application. 

Apart  from  certain  practical  difficulties  in  the  application  of  highly  super- 
heated steam,  we  may  find  an  explanation  of  this  in  the  fact,  that  although  all 
experiments  thus  far  have  proved  the  advantages  of  the  use  of  superheated  steam, 
yet  the  degru  of  advantage  is  uncertain.  The  results,  in  this  respect,  are  veiy 
contradictory,  and  some  are  very  properly  received  not  without  incredulity. 

In  such  a  state  no  amount  of  experiments  can  avail,  because  the  question  can 
only  be  decided  by  a  thorough  knowledge  of  the  physical  properties  of  steam  in 
general.  A  theory  of  superheated  steam  is  also  of  great  scientific  importance. 
We  Imow  at  present  only  the  deportment  of  such  steam  at  its  two  limiting  statesi 
viz.,  at  its  point  of  condensation  when  it  passes  into  the  saturated  condition,  and 
in  the  highly  superheated  state  in  which  its  properties  coincide  with  those  of  a 
permanent  gas. 

The  formulae  of  the  mechanical  heat  theory  for  these  two  conditions  are  en- 
tirely difFerent  both  in  construction  and  method  of  deduction,  and  thus  &r  it  his 
not  been  possible  to  deduce  from  the  equations  for  saturated  steam,  or  for  steam 
and  liquid  mixtures,  those  for  permanent  gases  or  reversely,  or  to  represent  the 
deportment  of  steam  in  transition  from  one  to  the  other  of  the  limiting  condi- 
tions. 

Theoretical  investigations  upon  the  deportment  of  superheated  steam  have, 
thus  far,  been  made  by  Him  only.  In  what  follows  we  shall  present  the  results 
of  our  own  investigations,  together  with  applications  to  the  most  important 
technical  problems.  We  shall  confine  our  discussion  to  steam  of  water,  bat 
there  will  be  no  difficulty  in  extending  the  method  to  other  steams. 

Preliminary  InvestigcUion, — ^We  denote  by  v  the  specific  volume,  t,  e.,  tiie 
volume  of  the  miit  of  weight  (one  kilogram)  of  steam,  by  p  the  specific  pressure 
(pressure  in  kilograms  per  square  meter),  and  by  t  the  temperature  Centigrade. 
If  pressure  and  volume  are  given,  we  can  easily  determine  whether  in  any  given 
case  we  have  to  do  with  pure  saturated,  or  superheated  steam,  or  with  a  mixtura 
of  steam  and  liquid.  For  saturated  steam,  whose  volume  we  shall  denote  by  Pj, 
pressure  and  volume  stand  in  a  known  determinate  relation,  and  from  the  prin- 
ciples of  the  mechanical  heat  theory  we  can  calculate  the  volume  v  correspcMid- 
ing  to  the  pressure  p.  If  we  lay  off  for  pure  saturated  steam  (without  admixture 
of  water)  the  volumes  as  abscissas  and  the  corresponding  pressures  as  ordinatesy  we 
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obtain  a  curve  DD  of  constant  steam  weight,  which  I  call  "  the  limiting  cnrre," 
the  course  of  which  we  shall  investigate  hereafter.    For  eveiy  point  of  this  curve, 
or  for  every  pressure  there  is  a  cor^ 
lesponding  determinate  absolute  tem- 
perature T],  known  by  experiment 

If  now  in  any  given  case  we  lay 
off  the  volume  of  the  unit  of  weight 
as  abscissa,  and  the  pressure  as  ordi- 
nate, and  the  point  thus  found  falls 
on  the  limiting  curve,  we  know  that 
we  have  to  do  with  pure  saturated 
steam.  If,  however,  the  point  a  falls 
in  the  space  between  the  limiting 
curve  and  the  co-ordinate  axes,  we 
have  for  the  same  pressure,  the  same 
temperature  T^,  but  a  less  volume. 
We  hat^  therefore,  a  mixture  of 
steam  and  water.  The  steam  is  of  the  same  character  as  before.  If  sb  is  the 
specific  steam  quantity,  «.  a.,  the  weight  of  steam  in  the  unit  weight  of  mixture, 
then  1  ~  X  is  the  weight  of  the  water,  and  if  ^  is  the  specific  volume  of  the  water 
the  volume  ff  of  the  mixture  is 


Fio.  88. 


t/  =  av,  +  (1  — it)tf, 

and  from  this  we  can  easily  calculate  the  mixture  ratio  x  for  the  given  Tolume  if, 
lif  again,  the  point  falls  in  the  space  outside  of  the  limiting  curve,  as  T,  we 
have  to  do  with  superheated  steam.  In  this  case  the  temperature  T>  Tif  and 
Is  not  given  by  the  preasuze  j?  alone,  but  depends  also  upon  the  volume  tr.  This 
relation 

5r=-P(p,v) 

is  that  which  thus  far  is  unknown  for  superheated  steam,  and  it  is  this  which  we 
shall  first  deduce.  We  shall  call  this  relation  the  equation  of  condition,  or 
"  condition  equation."  Thus  far  it  has  only  been  assumed  that  the  condition 
equation  takes  the  form 


pv=zET 


0) 


which  holds  good  for  permanent  gases,  in  which  Riaa,  constant  depending  upon, 
the  Jdnd  of  gas,  when  the  point  T,  in  Fig.  88,  lies  very  far  from  the  limiting: 
curve,  that  is,  when  the  steam  is  highly  superheated. 

In  the  deduction  of  the  condition  equation  for  superheated  steam,  we  mak» 
use  of  the  following  principle  of  the  mechanical  heat  theory.  (See  Appendix  t» 
Chap.  V.) 

If  the  pressure  p,  and  the  relume  Vt  are  given  for  the  unit  weight,  and  the  body 
expands  or  is  compressed  adiabatically,  the  end  of  the  ordinate  describes  a  curve 
AfAf,  Fig.  80,  called  the  adiabatio  curve.  If  the  body  is  in  the  condition  a^, 
given  by  the  pressure  j)i  and  the  volume  v^,  the  point  a^  lies  upon  a  second 
adiabatic  curve  AiA^.    If  the  body  passes  from  the  condition  a,  to  the  condi- 
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tion  O) ,  and  if  heat  dQ  is  the  heat  imparted  or  abstracted  dnring  an  infinitdy 

small  change  of  condition,  then  /  -j^  is  constant,  no  matter  how  the  pressare 

p  changes  with  the  yolome  v  during  the  transfer,  that  is,  no  matter  what  the 
curve  a^a^  may  be,  whererer  the  point  a^  m&j  be  on  the  first  adiabatic,  or  the 
point  a^  on  the  second.  This  quantity  we  have  called  the  *'  heat  wei^t^"  and  for 
the  sake  of  simplicity  we  denote  it  by  P.  Let  us  now  determine  the  heat  weight 
for  a  mixture  of  water  and  steam. 

In  the  unit  of  weight  of  mixture  let  there  be  x  kilograms  of  steam  at  the 
pressure  j7  and  tension  t.  Let  o  be  the  specific  heat  of  water,  which,  aooordi^g 
to  B^^ult^  is 

c  =  1  +  0.00004*  H- O.O0O0O0W' W 

and  let  r  be  the  total  latent  heat^  which,  according  to  B^gnsolt,  is 

JT    4^    A    '^  r  =  006.6 +  0.805< -/*«».     (3) 

then  we  haycy  according  to  damsitu^ 


dQ  =  edi-\-I^ 


(?)■ 


If  we  divide  both  sides  by  AT,  and 
pnt^  for  the  sake  of  BimpUdty, 


fcdi 
J  T 


=  r 


•    • 


w 


we  haTD,  using  the  index  2  for  the  condition  aj  and  1  for  a^, 

-/#4[(-'-^)-(-'^^)]--- 


(5) 


If  we  assume  that  the  transfer  takes  place  along  the  limiting  curve  DD, 
shown  in  Fig.  88,  we  have  for  this  curve 


and 


aji  =a;,  =  1, 


^P=(r,+5-)-(r.  +  J-) 


W 


and  this  can  be  easily  calculated  for  given  initial  and  final  temperatures. 


For  the  sake  of  simplicity  we  put  ^  =  r  +  -=y 
and  then 


P) 


(8) 
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TTfflng  Equations  (3),  (8)  and  (4),  we  have  calculated  <p  as  given  by  (7)  for  a 
ntunber  of  values  of  the  pteesure,  and  placed  the  results  in  column  8  of  the 
following  Table  I. 

We  pass  now  through  the  two  points 
Tt  and  Ti  of  the  limiting  curve 
DD,  Fig.  90,  the  two  adiabatics  A^ 
and  Ai,  The  course  of  both  curves 
is  unknown,  since  'they  extend'  into 
the  space  corresponding  to  super- 
heated steam.  If  now  we  heat  the 
saturated  steam  at  the  temperature 
Ttf  under  constant  presaure  p^  =  p, 
until  we  reach  the  second  adiabatic  at 
the  point  T,  we  have  for  the  heat 
weight,  when  the  specific  heat  c,  is 
taken  as  eemstofi^, 


'f%f 


dT 


T. 


AT        A     ^ 


T 


Since  the  heat  weight  from  Iff  to  T^  is  the  same,  we  have 

T 


<^  lOfi?  jT  =  ^1   -  <P9 


9) 


This  formula  holds  good,  to  be  sure,  only  under  the  express  assumption  that 
Cj^  the  specific  heat  of  steam  for  constant  pressure,  is  constant.  That  this  aft- 
sumption  is  allowable  is  shown  by  the  experiments  of  Begnault.  He  finds  by 
four  experiments 

Cp  =  0.46881,  0.48111,  0.48060,  0.47968, 

and  considers  only  the  first  of  these  values  not  entirely  reliable.  We  have  then 
for  the  mean 

Cp  =  0.4805, 

and  this  value  of  Cp  for  steam  we  shall  assume  in  all  further  discussions.  We 
shall  see  further  on  that  this  hypothesis  of  the  constancy  of  the  value  of  the  spe- 
cific heat  for  constant  pressure,  and  the  assumption  of  the  conectness  of  Reg- 
nault's  experimental  values,  are  justified. 

By  the  aid  of  E^fuation  (9)  we  can  find  easily  the  temperature  T  of  super- 
heated steam,  when  the  temperatures  T,  and  Tx  are  given,  or  by  taking  different 
values  for  2|  can  calculate  for  a  number  of  points  of  the  adiabatic  through  2\, 
the  temperature  Tot  the  superheated  steam.  Such  a  proceeding  would  lead  to 
little,  and  the  actual  course  of  the  curve  A^  would  be  in  no  way  known.  We 
must  rather  transform  Equation  (9).  If  we  add  and  subtract  Cp  log  T^  on  the 
left  side,  we  have 


T  T 

«P  log  ^r  =  <Pi  -  ^,  -  <V  log  -^ 


m 
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T 
From  this  we  can  find  the  ratio  yp-  for  two  points  npon  the  wme  adiabaUe 

Ax.  If  this  cnrre  answered  to  a  permanent  gas,  we  shoold  haye  between  preas- 
nre  and  temperature  of  both  points  the  relation 

?r=(l;f <"' 

where  h  is  constant  and  denotes  the  ratio  of  the  specific  heat  of  the  gas  for  con- 
stant pressure  to  that  for  constant  yolume. 

I  make  now  the  hypothesis  that  for  superheated  eteam,  or  at  least  for  loafer- 
steam.  Equation  (11)  aUso  holds  good,  and  that  here  also  k  is  constant,  but  the 
previous  signification  of  k  no  longer  holds  for  superheated  steam.  The  following 
mathematical  discussion  must  fix  the  more  general  significance  of  the  value  of  k. 

Substituting  Equation  (11)  in  (10),  we  have,  since  in  the  entire  discossbn,  as 
shown  in  Fig.  90,  the  pressure  !>  is  identical  with|itf 

k-i  t-i 


^1  +  «P log  ^ —  =  ^t-^Cplog  —f-f 


and  hence  it  follows,  in  case  of  the  correctness  of  our  hypothesis,  generally  the 
value 


Jb-l 

ft 


<P  +  Cp  log  ^ 


for  satwrated  steam  must  be  a  constant.    If  we  denote  this  constant  by  ^of  ^^ 
have  instead  of  (7) 

T 
^  =  C;.log -j^  +  ipo W 

That  this  formula,  with  a  proper  choice  of  the  constants  k  and  <pot  aotoally 
gives  the  valnes  of  q)  with  great  exactness,  may  be  shown  by  the  following  calca- 

lations. 

We  take  A;  =  f  =  1.8888,  hence  ^^  =: i  =  0.25,  and  ^o=l-<M)88.     O^ea 
in  common  logarithms 

<p  =  0.27G61og,o —- 1.0088 a^) 

P 

where  jp  is  in  atmospheres,  and  the  temperature  to  be  taken  from  Regnault^ 
Tables. 

The  agreement  of  the  values  of  q>,  as  given  by  this  formula  and  by  (7),  iB 
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shovn  in  the  following  table.  The  agreement  might  be  made  still  greater  by 
taking  k  a  little  different  from  },  but  for  the  sake  of  simplicity  in  numerical  cal- 
cnlationsy  we  retain  this  round  number. 


TABLE  L 


1 

% 

8 

4 

PreMore 

Tempentare 

f 

in 
Atmos. 

Cent  according 
toBcffnaolt, 

*='+^- 

According 

to 
Eq.(18). 

0.1 

46.21 

1.9548 

1.9588 

0.2 

60.45 

1.8929 

1.8912 

0.5 

81.71 

1.8116 

1.8111 

1 

100.00 

1.7519 

1.7520 

2 

120.60 

1.6940 

1.6946 

8 

188.91 

1.6612 

1.6619 

4 

144.00 

1.6884 

1.6891 

6 

152.22 

1.6209 

1.6217 

6 

159.22 

1.6071 

1.6076 

7 

165.84 

1.5955 

1.5958 

8 

170.81 

1.5856 

1.5858 

9 

175.77 

1.5769 

1.5769 

10 

180.81 

1.5691 

1.5691 

11 

184.50 

1.5625 

1.5621 

12 

188.41 

1.5568 

1.5557 

18 

192.08 

1.5506 

1.5508 

14 

195.58 

1.5454 

1.5445 

The  great  probability  of  the  oorreotness  of  our  hypothesis  may  also  be  shown 
in  the  following  manner  : 

If  we  differentiate  Equation  (12),  we  hare 

dt         h'-ldp  ^.. 

»^  =  ^  "5?  —  ^  —J—  "^ y^^t 


If  we  differentiate  Equation  (7),  we  haTe,  with  reference  to  the  value  of  r  as 
giren  by  Equation  (4) 


The  flzpnarion  in  the  parenthesis  is  the  same  as  that  which  we  have  called 
(Chap.  XVn.,  page  4S0)  the  specific  heat  of  satoiated  steam  for  constant  steam 
quantity,  and  denoted  by  A.  We  can,  therefore,  easily  calculate  it.  We  have 
then 


«»9=4<« 


03S) 
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The  union  of  (14)  and  (16)  gi^es  then 

We  can  use  this  formula  as  proof  of  the  oorroctness  of  onr  hypothesis. 
Thus  we  have  for  steam  at  the  temperature  0",  KXT,  200% 

;i  =  -  1.9166,     -  1.1888,     -  0.6766. 

We  have  from  Begnault*s  formula,  which  gives  the  relation  between  piooMUB 
and  temperature, 

?^  =  19.520,    18.844,    9.851. 

Inserting  these  values  in  (16),  and  assuming  Cp  as  constant,  and  aooording  to 
Begnault  0.4805,  we  find  for  A;,  for  the  above  temperatures, 

A;  =1.8484,    1.8862,    1.8284. 

If,  on  the  other  hand,  we  take,  as  we  have  done,  A;  =  |  =  1.8888,  we  havB 
from  Equation  (16), 

0;»  =  0.49897,    0.48514,    0.46255, 

and  the  mean  of  these  is  0.4S05,  or,  strangely  enough,  exactly  Begnanlt's  mean 
value. 

From  the  preceding,  then,  we  conclude  that  the  quantities  Op  and  k,  even  if 
future  exact  investigations  may  show  that  one  or  the  other,  or  both,  are  variable, 
vary  very  slowly,  and  may  at  present  be  assumed  as  constant,  with  the  values  as 
given  above.  The  results  of  the  following  investigations  will  further  justify 
these  assumptions. 

Deduction  ofths  Equation  of  Condition  for  SuperhecUsd  Steam.-^The  "oonk- 
dition  equation  "  must  give  the  relation  between^,  v,  and  ^,  or  jr=  273  +  <.  If 
we  consider  the  absolute  temperature  as  a  function  of  the  presBure  and  volume, 
we  have 


■"•=  (f )  *  *  (f  )*  «• 


since  we  can  replace  dT  by  dt, 


'^^=(|>--(^> (^'^ 
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The  fnndamentiil  equations  of  the  mechanical  heat  theory,  as  given  by  Zea- 


=i[*(i)]-^[-(i)i *. 


'"•='*->(§)  (I) m 


J         • 


dQ  =  e,dt  -  AT (^\dp 


•       •       • 


on.) 


It  wa  divide  fha  last  equation  by  T,  we  faaye 

dQ  di        .  /dv\. 

Bat  aooording  to  the  notation  of  Equations  (5)  and  (8),  -^is  identical  with  d^ 
and  for  this  latter  we  haye  found  according  to  (14) 

,  di  k-l  dp 

dtp^CpY-  ^p — k^y 

Comparing  these  two  expressions,  we  have  for  the  first  new  relation  for  super- 
heated steam 


Cp 


fdi\  _  AJ[p 
\dvj  •"  X?-l 


(18) 


Inserting  this  in  Equation  I.,  we  have,  since  Cp  and  k  are  constant^ 


dv 


and  henoe  by  integration 


Kl)]=*^' 


fdt\         Av 


m 


wherein  we  assume  indeed  that  the  constant  of  integration,  which  in  general  is  a 
function  of  p,  is  zero.  This  assumption  will  be  justified  by  the  correspondence  of 
ca]mlat>od  results  with  those  of  obserration  hereafter. 
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If  we  make  use  of  (18)  and  (19)  in  Bquatlon  IL,  we  haTe,  after  easj  trui8f<n>- 
mation, 

i'^*""-^^ « 

If  we  determine  e^  from  this  and  insert  in  (19),  we  haye 


W~ 


-1)^  *  p 

while  Equation  (18)  gives 

^  _     Ahp 


Av          h-lT  ^. 

H T, —  "-r*    •      t     •     •     •     •    \»X) 


0©) 


The  sabstitation  of  these  two  in  Equation  (17)  gives  then 


^  j^ 17* 

dr=^|^-Yj(t;(?p  +  ^t;)+— j^  — di>  .    .     .    .    pS) 

and  this  is  the  differential  eguaiion  of  the  equcUion  of  condition  for  wperheaiei 
etea/m. 

This  can  be  integrated  easily.    We  have  then 

pv-BT-Cp  * (8C) 

where  B  and  C  are  constants,  and 

^=''^^ ^ 

Now,  for  superheated  steam,  we  have  from  the  preceding  Cj,  =  0.4806  and 
h  =  1.388.  Hence  B  =  50.988.  The  other  constant  can  be  easily  determined,  as 
we  shall  soon  see. 

Equation  (24)  is  the  condition  equation  for  superheated  steam.  By  means  of 
it,  when  any  two  of  the  quantities^,  v,  and  7* are  given,  the  third  can  be  found. 

It  differs  from  the  equation  for  permanent  gases  only  in  the  term  Cp  k   ,  which 
becomes,  for  superheated  steam,  G  \/p  • 


Test  of  the  New  EquaiUm, — ^If  the  equation  for  superheated  steam  is  ooneet, 
it  must  hold  for  the  limiting  condition  also,  that  is,  when  the  steam  is  in  the  8at> 
urated  condition.  It  should  therefore  give  the  specific  volume  of  saturated  steam 
when  we  substitute  for  a  given  pressure  p  the  corresponding  temperatoie  U 
This  leads  us  at  once  to  the  value  of  the  constant  C, 

Thus  the  mechanical  theory  of  heat  gives  for  saturated  steam  of  one  atmos- 
phere tension  {p  =  10384),  and  t  =  100%  or  T—  878%  the  volume  v  of  one  kflo- 
gram,  v  =  1.6506  cubic  meters.  Using  these  values  in  Equation  (24)^  we  ilod 
C  =  192.50. 
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If  now  the  equation  is  oorrect,  it  should  give  the  speciflo  yoltune  of  saturated 
steam  for  all  other  pressures.    How  far  this  is  so  is  shown  by  Table  II. 

The  second  column  gives  the  spedfio  volumes  for  various  pressures,  according 
to  the  mechanical  theory  of  heat.  The  third  column  is  calculated  from  Equa- 
tion (24).  It  is  to  be  remarked  that  the  values  given  for  B  and  C  hold  good 
when  the  pressure  p  is  given  in  kilograms  per  sq.  meter.  If  we  wish  p  in  atmos- 
pheres, we  have 


pv  =  BT-C^ 
^  =  0.0049287,    and    (7  =  0.187816 


\-- 


.    .    OM) 


If  |)  is  in  atmospheres,  v  in  cubic  feet  and  temperature  Fahrenheit,  we  have 
B  =:  0.048862  and  C7  =  8.00869. 

Q       ^ 

The  table  contains  also,  in  the  last  column,  the  values  of  ^  4/p,  for  French 

and  English  units,  of  which  use  wUl  be  made  in  what  foUows. 

We  see  that  the  agreement  is  very  satisfactory,  and  that  we  can  use  the 
above  equation  for  pure  saturated  steam.  Only  for  pressures  of  less  than  one 
atmosphere  is  the  deviation  on  any  account.    For  such  pressures,  however,  the 

TABLE  n. 


Bpecillc  Yolame  of  Satmated 

Values  of 

ValneB  of 

Tntmat 

Steam 

0        A 

G     *r- 

In 
atmos. 

lyyMech. 
Thieory  of  Heat 

by  Bq.  (M). 

French  nnlts. 

B^ 
BngUah  Units. 

0.1 

14.662 

14.677 

21.429 

88.6722 

0.2 

7.648 

7.688 

26.488 

46.8694 

0.6 

8.171 

8.181 

82.048 

67.6774 

1 

1.6604 

1.6606 

88.106 

68.6908 

2 

0.8698 

0.8688 

46.816 

81.6688 

8 

0.6874 

0.6861 

60  161 

90.2718 

4 

0.4484 

0.4474 

68.891 

97.0088 

6 

0.8686 

0.8680 

66.982 

102.6676 

6 

0.8064 

0.8060 

69.640 

107.862 

7 

0.2662 

0.2660 

61.988 

111.6694 

8 

0.2839 

0.2889 

64.087 

116.8666 

9 

0.2096 

0.2096 

66.002 

118.8086 

10 

0.1897 

0.1900 

67.764 

121.9762 

11 

0.1786 

0.1789 

69.898 

124.9164 

12 

0.1699 

0.1601 

70.924 

127.6682 

18 

0.1488 

0.1489 

72.857 

180.2426 

14 

0.1888 

0.1888 

78.711 

182.6798 

values  in  the  second  column  are  not  entirely  reliable.  By  the  slightest  change  in 
the  constants  used,  we  might  also  produce  for  such  steam  still  better  agreement. 
It  would  only  be  necessary  to  do  as  Regnault  has  done  in  the  construction  of  his 
formulfi  for  the  relation  between  pressure  and  temperature,  and  to  distinguish 
steam  of  more  than  one  atmosphere  pressure  from  that  of  less.  For  our  pur- 
poses it  will  be  sujfficient  to  retain  the  constants  as  given  already,  since  we  have 
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in  view  more  especially  the  needs  of  pnictioe,  and  as  in  the  steam  engine  higher 
steam  pressures  are  coming  into  iayor. 

From  Equation  (24)  or  (26)  we  now  can  easily  calculate  the  yolume  of  super- 
heated steam  for  any  given  pressure  and  temperature.  If  we  take  /  =  100»  110, 120, 
etc.,  and^  =  1  in  Equation  (26),  we  have,  for  example,  for  superheated  steam  of 
one  atmosphere  tension  the  following  values  for  the  specific  volume  : 


/  = 


100" 

V  — 1.6506  cubic  meters. 

<  =  160^ 

V  —  1.9463  cubic  meters. 

110 

1.6090 

170 

1.9956 

120 

1.7402 

180 

2.0449 

180 

1.7984 

190 

2.0942 

140 

1.8477 

200 

2.1485 

160 

1.8970 

210 

2.1927 

Him  has  observed  the  specific  volume  for  different  pressures  and  temper- 
atures. The  following  table  shows  how  excellently  the  results  of  our  fonnnla 
agree  with  his  experimental  results. 


Pressure 
in 

Temperature. 

Specific  Volame  in 
Cabic  Meten. 

Atmos. 

V/. 

Him. 

BqCW). 

1 

118.5 

1.74 

1.7417 

1 

141 

1.85 

1.8526 

8 

200 

0.697 

0.6947 

4 

165 

0.4822 

0.4733 

4 

200 

0.522 

0.5164 

4 

246 

0.5752 

0.5781 

5 

162.5 

0.3758 

0.3731 

6 

205 

0.414 

0.4150 

If  we  calculate  for  the  same  pressures  and  temperatures  the  specific  volume 
v'  of  air,  the  ratio  of  v  to  t/  gives  the  specific  weight  of  the  steam  with  reference 
to  air.  We  obtain  thus  for  one  atmosphere  and  the  temperatures  100"*,  150', 
200%  the  specific  weights  0.6401,  0.6816,  0.6250,  that  is,  decreasing  with  increas- 
ing superheating. 

As  another  test  of  the  reliability  of  our  equation,  we  may  determine  the  co- 
efficient of  expansion  for  superheated  steam.  If  <z  is  the  coefficient  of  expansioQ, 
we  have  for  gases,  according  to  the  law  of  Mariotte  and  Gay-Lussac, 


pv 


1  +  a/ 


PiVi       1  +  ail 
For  constant  pressure^  =^Pif  &nd  hence 


a  = 


v. 


vti  —  Vit 
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For  oonstant  Tolame,  V|  =  v,  and 

J^i  —P 

OL  :=  -^^ — —  • 

The  fint  f onmila  giTOB  the  ooefBcient  of  expansion  for  change  of  Tolnme,  the 
second  for  change  of  preesure.  If  we  pass  to  the  differentials,  we  have  for 
change  of  volume 

«=;*^ <»') 

dv 


and  for  change  of  pressure 


«  =  -3< — - ^ 


For  a  perfect  gas  hoth  formukB  give  the  same  value,  a  =  0.008665,  but  not 
80  for  actual  gas  or  steam. 

If  in  Equation  (24)  we  put  for  T,  a-^t,  where  a  =  278,  and  differentiate,  re- 
gaxding  first «  and  iheap  as  constant,  we  have 

dt      pv 


k  —  l 
1 

dp  ~  B  '^  B     k 


dt      pv       C*-l      -» 


These  values  substituted  in  Equations  (27)  and  (28),  and  replacing  pv  by  its  equiv- 
alent in  Equation  (24),  give  us  for  superheated  steam  the  coefficient  of  expan- 
sion a  for  change  of  volume 

«= — ^  *-i (») 


a--gP 


and  for  change  of  pressure 


«= — —Tzt- m 

O     -JT 

These  two  values  are  therefore  different,  and  since  A;  >  1,  the  second  is  always 
somewhat  less  than  the  first    This  agrees  perfectly  with  Regnault's  observations. 

Also  a  is  always  greater  than  -  =  0.008665,  which  is  also  confirmed  by  experi- 
ment. Further,  a  is  greater  the  greater  the  pressure  J9,  which  is  also  oonfinned 
.by  experiment.  Regnault  has  observed  even  for  hydrogen,  which  approaches 
nearest  to  a  peifect  gas,  for  different  pressures,  somewhat  different  values  for  the 
coefficient  of  expansion. 
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From  Equations  (39)  and  (80)  the  following  yalaes  are  oompated  for  diiEBrenl 
values  otp,  for  superheated  steam.    As^  is  given  in  atmospheres,  the  values  of 

..„..,.-.  ,     ,      *-l       1 


ubo  as  i^xTou  J 

JlX  ,«:A^ui>b4uu  \*fvj  cu,o  uavu| 

A     ~4 

Coefflcient  of  Bxpanslon. 

Ghange  of  yotame. 

Change  of  Pren 

J)  =  0.1 

a  =  0.008076 

0.008892 

0.5 

0.004150 

0.004017 

1 

0.004257 

0.004090 

6 

0.004029 

0.004843 

10 

0.004872 

0.004501 

The  formulao  above  confinn  all  the  fkcts  with  reference  to  the  ooeffidentB  of 
expansion  of  gases  and  steams  thus  far  made  known  bj  experiment.  We  may 
consider  this,  therefore,  as  a  further  proof  of  the  reliability  of  our  new  formuhL 
We  can  deduce,  however,  a  new  result  from  (29)  and  (80),  viz.,  that  the  ooefDcient 
of  expansion  a  depends  only  upon  the  pressure,  and  not  upon  the  degree  of  super- 
heating or  the  volume.  There  are  no  observations  which  contradict  this  princi- 
ple. If  we  do  not  accept  it  in  its  full  generality,  we  must  at  least  admit  that  it 
is  exact  enough  for  superheated  steam  in  the  neighborhood  of  the  point  of  con- 
densation. 

We  may  now  finally  determine  more  closely  the  specific  heat  of  superheated 
steam  for  constant  volume.    For  perfect  gases  the  value  of  Jo  is  identioal  with  the 

ratio  ~.    This  is  not  so  for  steam.    Here  we  have  liquation  (20) 

0v  ^       k       Apv 

Making  use  of  Equations  (24)  and  (25)  we  have,  after  reduction. 


(81) 


<v.. 

1     _L     

A— 1 

Cv 

1  + 

1- 

C  p 
B  T 

By  niea^  of  this  formula  we  can  find  for  any  given  condition  of  soperheaied 
steam  — ,  and  then,  since  Op  is  constant,  the  value  of  c^    We  see  at  once  from 

the  formula,  that  with  increasing  superheating  the  value  of  ^  approaches  k.  For 
small  pressure  and  very  great  superheating,  we  should  have  for  steam  ^  =  o^ 

O9       o 

and  hence  Of,  =  0.8604,  and  this  latter  value  I  regard  as  the  specific  heat  of  steam 
for  constant  volume,  when  by  high  superheating  and  low  pressure  the  steam  his 
passed  into  the  condition  of  a  permanent  gas.    The  equation  also  shows  that  the 

ratio  -^  increases  and  Cp  diminishes  the  more  the  steam  approaches  the  saturated 
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condition.    Thus,  for  example,  Equation  (81)  gives  for  saturated  steam  of  0.1» 
0.5,  1  and  6  atmospheres,  the  following  values  : 

p  =0.1  0.5  1  6 

&  =  1.858  1.8664  1.8718  1.8840 

«,  =  0.8588  0.8516  0.8504  0.8470 

It  appean  striking  that  the  value  of  the  specific  heat  6v  for  constant  volume 
tnefMWM  the  more  the  steam  departs  from  the  saturated  condition.  According 
to  the  usual  conceptions  of  gases  and  steam,  we  should  rather  expect  the  con- 
trary.   Further  investigations  must  confirm  our  result  and  explain  it. 

TKt  Ikmdamental  Equations  of  (he  Meehanieal  Theory  of  Heat  applied  to 
Superheated  Steam.— It  the  unit  of  weight  of  superheated  steam  is  given  with 
certain  pressure,  volume,  and  temperature,  the  imparting  of  the  heat  dQ  wiU 
cause  a  change  in  these  quantities.  The  Equations  III.  give  the  relations  gen- 
erally which  suheist  between  these  quantities.  For  superheated  steam  we  have, 
when  we  make  use  of  Equations  (18)  to  (28),  from  these  general  equations 


(h—  1  T     \ 
dQ  =  e„(dt-^(h--l)^dv\ 


•    (83) 


These  equations  do  not  differ  from  those  of  permanent  gases  in  form,  but  Cv  is 
here  variable  and  to  be  determined  by  Equation  (20),  while  for  gases  it  is  con- 
stant and  =  ^. 
k 

If  the  change  of  state  is  reversible,  t.  a.,  if  during  the  change  of  volume  the 
steam  tension  j>  is  in  equilibrium  with  the  outer  pressure,  the  work  of  the  expan- 
sion dv  is  pdv,  and  the  corresponding  heat  is  Apdv,  This  portion  of  the  heat  dQ 
goes  then  to  perform  outer  work,  and  the  rest  goes  to  peif orm  vibration  work 
(rise  of  temperature),  and  disgregation  work,  both  of  which  constitute  the  inner 
work.    If  we  denote  the  change  of  inner  work  by  dU,  we  have 

AdU^dQ'-Apdv, 

cr  leplAdngilQ  by  the  first  of  Equations  (82)y    . 

Adu^  j^d(pvy. m 
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Integrating  this  from  a  given  initial  condition,  we  haye 

The  difference  U—Uy  gives  the  increase  of  inner  work,  and  J.  (27—  IT,)  n 
this  difference  measured  in  units  of  heat.  If  we  assume  the  initial  condition  to 
be  water  at  O"",  and  let  J  stand  for  J.  (£7  —  Z7] ),  we  have 

where  c^o  is  a  constant  to  be  determined,  and  J  shows  how  much  more  heat  is 
contained  in  superheated  or  saturated  steam  of  the  pressure  |7  and  volume  v,  than 
in  water  at  0\    We  have  called  J'the  ''steam  heat/* 

The  formula  must  hold  good  both  for  superheated  and  saturated  steam.  For 
the  latter  we  know  already  how  to  determine  J^  and  thus  can  find  not  only  the 
value  of  <7'o,  but  can  test  whether  Equation  (34)  holds  good  for  saturated  steam 
of  any  pressure. 

The  heat  of  the  liquid,  or  the  heat  necessary  to  raise  one  kilogram  of  water, 
under  the  pressure^,  from  0°  to  r  is 

•         ;  f  »  t 

where  o  is  from  Equation  (3) 

q  =  t+  0.00002<*  +  0.0000008<>. 

.  If  now  the  water  under  pressure  p  is  completely  changed  into  saturated  steam, 
the  inner  latent  heat  p  must  be  added. 
For  steam  we  have  given 

p  =  575.40  -  079U 

Now  for  saturated  steam 

J-q+P (85). 

Thus,  for  example,  for  saturated  steam  of  one  atmosphere,  j?  =  10384,  t  =  100% 
«7'=  596.80.  Inserting  this  value  in  Equation  (84)  and  taking  v  =  1.6506,  from 
Table  II.  we  find 

/o  =476.11. 

• 

For  English  units  we  have  eTo  =  857. 

Using  now  the  values  of  v  in  Table  IT.,  we  can  calculate  from  Equation  (34) 
the  values  in  the  last  cdumn  of  the  following  Table  IIL,  and  compare  with  thoee 
obtained  by  Equation  (35). 
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TABLE  III. 


Fressaro 

Steam  Heat  J  for  Saturated 

in 

Steam. 

Atmoe. 

Bqnation  (85). 

Equation  (84). 

1 

696.80 

696.80 

2 

dOl.42 

601.62 

8 

604.47 

604.68 

4 

606.81 

606.97 

5 

606.78 

608.81 

6 

610.89 

610.88 

7 

611.86 

611.74 

8 

618.18 

612.96 

9 

614.88 

614.06 

10 

615.49 

616.05 

The  agreement  is  very  satisfactory,  and  we  see  in  this  a  new  proof  of  the  reli- 
ability of  our  formula  for  the  deportment  of  superheated  steam. 

We  obtain  very  remarkable  results,  which  afford  further  confirmation  of  the 
correctness  of  our  formula,  when  we  insert  Equation  (24)  in  (34). 

We  haye  then 


/=/«  + 


^(-i'^'> 


or  using  the  Talue  of  ^  in  Equation  ^5), 


/=/«  + 


i  (^- 1'"^) 


m^ 


I    • 


For  small  tension^  and  high  superheating  we  can  neglect  the  square  of  the 
quantity 

0  p  * 


.         >         s         « 


and  thus  obtain  from  Eqiuition  (81) 


k-l 


±«*^*-i)4^. 


If  we  determine  from  this-x-»  uid  insert  In  (86),  we  hare  for  the  same  as- 


sumptions, after  reduction, 


('-i'^-)-' 


(87). 
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For  Tory  low  tension  and  very  high  superheating,  in  which  case  the  steam 
passes  almost  completely  into  the  condition  of  a  permanent  gas,  the  second  mem- 
ber in  the  parenthesis  may  be  neglected,  and  we  haye 

J'=  Jo  +  ^T, 

and  this  equation  is  the  same  as  we  actually  have  for  permanent  gases.    If  we 
put  as  aboye  J^AU,  where  U\b  the  inner  work,  then 

AdUr=ze,4T, 

from  which  we  see  that  the  increase  of  inner  work  is  directly  proportional  to  the 
rise  of  temperature,  a  principle  laid  down  by  Clausius  in  his  Theory  of  6ase& 

Finally,  we  can  determine  for  superheated  steam  that  whidi  for  saturated 
steam  we  haye  called  the  '*  total  heat"  and  denoted  by  W,  for  which  Begnault 
giyes  the  empiijical  formula 

IT  =006.6  +  0.805/. 

This  is  the  heat  which  is  necessary  in  order  to  cony^  the  unit  of  weight  of 
water,  under  the  constant  pressure  corresponding  to  the  steam  temperstoie  U 
completely  into  saturated  steam. 

If  we  suppose  superheated  steam  of  the  yolume  v  generated  under  tiie  same 
circumstances,  the  work  done  during  its  formation  is  ^  (v  —  tf),  and  the  equiva- 
lent heat  \e  Ap{v  ^  6)j  \i  6  is  the  yolume  of  the  unit  of  weight  of  water.  We 
can  n^leot  6  with  respect  to  v,  and  haye  therefore  for  the  total  heat 

Tr=/+4pv, 
or  from  Bqoation  (84), 

Bel  erring  to  Equations  (34)  and  (25) 


Tr=Jo  +  ^  (^-§-^  *   ) ^^' 


where  /o  =  476.11. 

Since  this  equation  must  hold  good  also  for  saturated  steam,  we  should  haye, 
in  case  this  behayed  like  a  permanent  gas,  (7=0,  and  then 

and  the  comparison  with  Regnault's  formula  would  give  for  the  speoiflo  heat  of 
steam  for  constant  pressure  6p  =  0.805,  which  has  been  obtained  by  Rankine  in  a 
different  manner.  Equation  (89)  shows  clearly  the  reason  of  the  deyiation  frooi 
the  correct  yalue  c,  =  0.4805. 
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Values  of  W  calculated  from  Equation  (89)  for  saturated  steam,  agree  yery 
sataslactorily  with  those  found  by  Begnault's  formula.    Thus  we  have  for 


!>=    0.5 

1 

5    atmos. 

by  Equation  (89),  IT  =  681.15 

687.02 

058.05 

Regnault,              Tr=  081.49 

087.00 

852.98 

Our  Equation  (80)  has  the  adyantage  that  it  holds  generally  good  for  super- 
heated steam  also. 

BMapihdaium  of  Formulm  Deduced  for  Superheated  jS/eom.— [Before  pass- 
ing on  to  applications,  we  shall  group  together  here,  for  conyenience  of  reference 
and  for  the  benefit  of  those  who  wish  results  presented  in  compact  shape,  the  f or- 
mule  deduced  in  the  preceding  for  superheated  steam. 

We  haye  lor  both  saturated  and  superheated  steam  the  equation 


pv=zBT—  Op  * 
where 


■g  =  ^^*7'^\     ^  =  0.4805,     *  =  1.888 


"3S 


^    .    .    .    (40). 


and  hence  B  =  50.988,  0=  193.50,  when  p  ie  in  kilograms  per  $q.  meter,  v  in 
cubic  meters  and  temperature  Centigrade. 

If /» is  in  pounds  per  square  inch  and  « in  cubic  feet,  we  haye  for  temperature 
Fahrenheit  B  =  0.644592,  C  =  22.581875. 

If  p  if  jfi  aimoepheree,  we  haye 

^  =  0.0049287,    (7=0.187815  f ^^^ 

Vorp  in  atmospheres,  « in  cubic  feeti  and  temperature  Fahrenheit^  we  haye 
B  =  0.048802,  C  =  8.00859. 

We  haye  for  the  ratio  of  ^  to  ^t, 

^-^■^     *"V^    m. 

Here  we  can  take  p  either  in  atmospheres  or  kilograms  per  sq.  meter  or  pounds 
per  square  inch  according  to  the  yalues  taken  of  C  and  B^  as  giyen  aboye.  For 
saturated  steam  we  must  insert,  for  any  giyen  pressure,  the  corresponding  tem- 
perature. For  superheated  steam  we  can  insert  any  desired  temperature  greater 
than  this.  The  formula  are  quite  correct  within  practical  limits  (1  to  14  atmos- 
pheres).   For  the  "  steam  heat "  we  haye 

where  J%  =  470.11  (or  857),  and  p  is  to  be  taken  in  hOograme  per  eq,  meter  or 
pounds  per  square  inch,  k  and  Cp  are  the  same  as  always,  yis.,  ib  =  f  =  1.888, 
e,  =  0.4806. 
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For  the  <'  total  heat," 

Tr=«7o +  Cpf  S'-'gp       j (44). 

where  pU  in  kilograms  pei  sq.  meter,  or  pounds  per  square  inch,  and  J.^  ^ 
and  k  as  above. 

The  '*  heat  of  liquid  "  is  found,  as  always  when  the  temperature  is  known,  fay 

^  =  «  +  0.00002^  +  0.0000008<» (45). 

or  for  English  units,  ^  =  (^  -  82)  +  0.0000111  (<-82}*  +  0.0000000026  (/- 82)* 

or  by  our  steam  tables. 

The  inner  latent  heat  is  found  by 

p  =  ^-q (^ 

The  outer  latent  heat  by 

Apv=W—J (47). 

By  the  aid  of  these  formuhe  we  may  solve  problems  concerning  superheated 
steam  of  great  practical  importance,  and  which  heretofore  have  been  imposaUe 
of  solution.] 


APPLICATIONa 

If  we  regard  our  equation  for  the  deportment  of  superheated  steam  as  cor- 
rect (and  from  what  precedes,  the  great  probability  of  its  correctness,  at  least  for 
those  pressures  usual  in  practice,  seems  without  doubt),  we  shall  be  able  to  solve 
many  questions  otherwise  impossible  of  solution.  Especially  easy  of  solution  ars 
those  problems  of  practical  importance,  and  a  theory  of  engines  working  with 
superheated  steam  presents  no  longer  any  difficulty.  We  shall  investigate  here 
a  few  of  the  most  important  cases,  many  of  which,  by  reason  of  known  experi- 
ments in  relation  to  them,  will  serve  as  further  confirmation  of  the  practical  cor- 
rectness of  our  formulae. 

Adiabatic  Curve. — ^If  the  unit  of  weight  of  superheated  steam  expands  per- 
forming work,  without  heat  being  added  or  abstracted,  the  adiabatic  curve  gives 
the  law  of  variation  of  the  pressure  with  the  volume.  This  curve  gives  also  the 
law  of  the  curve  of  expansion  of  the  indicator  diagram  of  a  steam  engine  working 
with  superheated  steam.  If  the  initial  condition  is  given  by  j?,,  v, ,  T,  (Pig.  91), 
and  the  final  condition  hj pt,  v^,  and  T^,  we  can  find  by  Equation  (82)  the  rda- 
tion  between  these  quantities.  If  in  these  equations  we  make  dQ  =  0,  we  have 
by  integration 
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These  are  the  same  equations  as  for  permanent  gases,  only  there,  for  air  ib  = 
1.41,  while  in  the  present  case,  for  superheated  steam,  k  =  1.888. 

The  work  L  during  expansion,  that  is,  the  work  of  each  unit  of  weight  of 
steam,  is 


pdv, 


or,  replacing/)  by  the  relation  pv^  =PiVi* , 


^-fi'V['-(^)-'] 


(4»). 


where  p  is  in  kilograms  per  square  meter. 

The  application  of  this  formula  to  the  steam  engine,  supposes^  indeed,  that 
the  steam  remains  superheated  during 
expansion.  By  great  expansion  it  f 
may  happen  that  at  a  certain  moment 
the  steam  becomes  saturated,  and 
from  there  on  condenses,  so  that  the 
expansion  curve  is  different.  At  the 
moment  of  the  change,  the  adiabatio 
curve  cuts  the  limiting  curve  DD  at 
the  point  To  (Pig.  91),  The  pressure 
Po  <uid  volume  Vq  for  this  point  can 
be  determined.  The  curve  DD  is 
given  by  Equation  XVl.,  Chapter 
XVIL,  viz.  : 

pv»  =  2>,  Pi».  91 

where  n  =  1.0646,  and  D  =  1.704,  and  p  is  in  atmospheres.    For  p  in  atmos- 
pheres and  V  in  cubic  feet,  D  =  82.658. 

Since  now  the  point  T^Pq  Oo  is  in  both  curves,  we  have 


Hence 


jPo^o*  =i>iVi*     and    poVo^  =  2>. 


.,  -  ^.  z>  ; 


1 
-» 


m. 


where  ^  is  in  atmospheres. 


Vq 


This  equation  gives  us  the  expansion  ratio  -^,  for  which  the  superheated 
steam  just  reaches  by  expansion  the  point  of  saturation.  If  the  actual  expansion 
ifttio  -^  is  less  than  this,  the  work  is  given  by  the  simple  Equation  (49).    If  it 

is  greater,  for  instance,  — -,  we  can  find  the  work  up  to  fTo,  by  putting  Vo  in 
place  of  t^s  in  Equation  (49).    From  T^  to  T^  we  must  insert  in  Equation  (49) 


V 


V. 


PqVq  in  place  otpiVi,  and  —  in  place  of  -^,  and  k  =  1.180  in  place  ot  k  =s 


Vo 
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1.888,  as  has  been  shovn  for  satorated  steam  originallj  without  admixtme  of 
water  (Chapter  XVIII.,  page  499,  and  Eqtiation  XXXTTT.). 

EXAMPLE. 

An  engine  works  with  superheated  steam  of  ^i  =6  atmos.  and  temperature 
t^  :=  180''.  What  is  the  expansion  ratio  when  the  steam  at  the  end  of  expanaioa 
is  just  in  the  saturated  condition  ? 

The  specific  volume  of  this  steam  is  by  Equation  (41) 

If,  =  0.39087. 
Equation  (50)  gives  then  for  the  required  degree  of  ezpanskm 

^  =  1.803. 

laodAfnamic  Cwrvt, — ^The  isodjnamic  curve  gives  the  law  of  variation  <tf 
pressure  with  volume  where  the  inner  work,  that  is  for  steam,  the  steam  heat,  is 
constant.  If  the  initial  pressure  and  volume  are  j?,  and  v,,  we  have  from  Equa- 
tion (34) 

whence 

P\Vx=pv (51). 

We  see  then,  that  for  superheated  steam,  the  isodynamic  curve  is  an  equi- 
lateral hyperbola,  precisely  as  is  the  case  for  permanent  gases. 
From  Equation  (80),  we  obtain  in  similar  manner 

T^  —  ^P\  "-^^  BP    *    ' 

from  which  we  can  find  the  temperature  ^for  any  pressure  |i.  During  expan- 
sion and  fail  pi  pressure  there  is  then  an  increase  of  temperature,  while  for  pei^ 
manent  gases  the  temperature  remains  constant.  For  superheated  steam  the 
change  of  temperature  is 


(52). 


This  last  formula  solves  an  interesting  problem.  If  a  vessel  filled  with  steam 
communicates  with  a  vacuum,  the  steam  expands,  and  after  it  has  come  to  rest 
will  be  superheated,  provided  it  was  originally  dry  and  saturated.  The  Equsr 
tions  (61)  and  (53)  give  the  final  condition  p,  v,  i,  for  the  steam  heat  is  evidently 
here  constant.  There  19.  therefore,  a  fall  of  temperature  during  expansion  into 
a  vacuum,  while  for  a  perfect  gas  there  is  no  change  of  temperature. 
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EXAMPLE. 

Iiet  a  TCBael  contain  one  unit  of  weight  of  pure  saturated  steam  at  a  pressure 
^1=5  atmospheres.  Then  the  volume  is,  bj  formula  or  tables,  Vx  =  0.8680, 
and  temperature  ^i  =  152.22"*.  Let  the  steam  in  this  yessel  expand  into  another 
in  which  is  a  vacuum,  whose  Yolume  is  4  times  as  large.  Then  the  final  volume 
is  Vc  =  5vi,  and  hence  by  Equation  (51),  Pt  =  \  atmosphere.  From  Equation 
(52%  we  have  for  the  fall  of  temperature  (using  Table  Tl,\ 

<i  -  ^  =  18.876' 

Hence  the  final  temperature  /,  r=  188.84**.  As  this  is  greater  than  100'  which 
is  the  temperature  of  saturated  steam  of  1  atmosphere,  the  steam  is  superheated. 

Isothermal  Curve, — ^If  the  steam  expands  under  constant  temperature,  the  law 
of  change  of  volume  with  pressure  is  given  by  the  isothermal  curve.  For  per- 
fect gases  this  curve  is  identical  with  the  isodynamic,  t.  6.,  it  is  an  equilateral 
hyperbola.    This  is  not  so  for  steam.    Here  we  have  T  constant  in  our  equation 

pv=:BT—  Cp  k  ^ 

and  hence  the  relation  between/)  and  v  is  given  by  iU 
For  the  initial  condition 

p.v.^zBT-'Cpnr^ 
and  by  subtraction 

pv=:piVi  +  C\pi  *    -p'^J (58). 

This  is  the  equation  of  the  isothermal  curve  for  superheated  steam,  while  that 
of  the  isodynamic  is  given  by  Equation  (51).  If  both  curves  start  from  the  same 
point,  the  isodynamic  approaches  the  axis  of  abscissas  most  rapidly. 

The  heat  Q,  which  must  be  imparted  to  the  unit  of  weight  of  steam  in  order 
to  keep  the  temperature  constant  during  the  transit  from  Pi  to  p,  is  found  by  the 
second  of  Equations  (82),  when  we  put  dT  =  0,  and  integrate.    Thus, 

Q  =  e,^T]<>g^ (M> 

The  change  of  steam  heat  Qnner  work  measured  in  heat  units)  is  from  Equar 
tioii(86) 


(55). 


If  Xr  is  the  work  of  the  expanding  steam, 

QzzzJ-J^  ^  AL^ 
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while  for  gases  Q  —  AL,  and  hence  we  saj  that  in  this  latter  case  all  the  heat 
imparted  is  transformed  into  outer  work.  We  see  that  this  is  not  so  for  saper- 
heated  steam.  Here  only  a  portion  of  the  heat  Q  is  transformed  into  outer  work, 
the  rest  is  required  for  inner  woik.    This  portion  is 


17=   ^'^ 


AkB 

and  the  outer  work  is 


Z  =  0p 


Ak 


m,         Pi  CpC    f      Kul  »Jll\ 


Both  quantities  may  be  calculated  from  the  initial  and  end  pressures. 

The  preceding  results  agree  perfectly  with  the  usual  conceptions  as  to  the  de- 
portment of  steam,  but  until  now  it  has  not  been  possible  to  determine  that  por- 
tion of  the  heat  imparted  which  goes  to  perform  inner  work. 


If  saturated  steam  of  5  atmospheres  expands  under  oonstant  tempemtim 
down  to  1  atmosphere,  the  heat  imparted  is  found  from  Equation  (54)  by  sub- 
stituting for —^  =  i,  <;;,  =r  0.4S05,  and  7  =  278  +  152.22.     We  thus  have 

Q  =  82.204  heat  units. 

From  Equation  (55),  we  haye 

^-^-1=6.808, 

and,  finally,  from  the  difference  of  Q  and  cT*— tT,,  the  outer  work  measured  in 
heat  imits 

AL  =  76.401, 

or  the  outer  work  itself 

L  =  81070  meter-kHognims. 

OtneroUion  of  Sieam  ttnder  Consta/ni  Presgure. — ^If  one  unit  of  weight  of 
saturated  or  superheated  steam  is  generated  under  constant  pressure  p  from 
water  at  0",  we  have  from  Equation  (89) 

/  C    *cl.\ 

a^d  the  woric  done  is 

pv  =  BT  -  <?p  *  . 
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If  the  weight  G  of  steam  is  generated,  we  haye  for  the  heat  necessary 

Q=e[jo+cp  (r-'-'^pH^Yl (66). 

and  the  work  is 

L^G^BT-Cp  k    ). 

If  the  temperature  of  the  steam  for  the  same  pressure  p  is  T^,  and  if  the 
work  (or  the  volume  of  steam  gAierated)  is  the  same  as  before,  then  if  6^1  is  the 
weight  of  steam  generated 


(57). 


If,  therefore,  in  any  given  case  the  pressure  p  and  temperature  Ti  are  given, 
and  we  wish  to  replace  this  steam  by  another  of  temperature  T,  we  can  find  by 
Equation  (57)  the  necessary  steam  weight  G,  and  then,  by  Equation  (56),  the 
heat  requisite  Q. 

EXAMPLE. 

Suppose  we  have  Gi  kilograms  of  saturated  steam  oip^  =5  atmospheres,  and 
/i  =  152.22%  and  we  wish  the  same  volume  of  superheated  steam  at  the  same 
pressure  and  the  temperature  t  =  200''.  We  have  from  Equation  (57)  for  the 
weight  of  steam  required  (using  Tables  I.  and  11.), 

(7  =  0.8862  6^,. 

The  heat  required  to  generate  the  saturated  steam  is,  from  Equotiaii  (66)^ 

Qy  =  663.05  G, 

For  the  superheated  steam  of  same  volume  and  pressure,  it  is 

Q  =  676.00  G, 

or,  udng  the  relation  between  G  and  Gi , 

Q  =  0.9168  Q, . 

The  generation  of  the  superheated  steam,  other  things  being  the  same^  re- 
quires less  heat  than  the  generation  of  the  same  volume  of  saturated  steam,  and 
here  lies  the  advcmtage  of  engines  loorking  with  superheated  steam.  The  example 
just  given  serves  as  a  direct  comparison  between  engines  of  the  same  size  and 
speed  working  with  saturated  and  superheated  steam  of  6  atmospheres  and  200*, 
pronfided  there  is  no  expansion. 

There  would  be  no  difficulty  in  extending  the  comparison  to  expansion  en- 
gines also.    We  shall  only  remark  here,  that  for  such  engines  the  advantage  of 
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saperiieating  is  somewhat  diminished,  becaase  the  adiabatic  cnrre  of  sapeiheatad 
steam  approaches  the  axis  of  abscissas  somewhat  more  rapidly  than  that  for 
saturated  steam.  None  the  less,  superheating  is  in  all  drcnmstanoes  theoietio- 
allj  of  adyantage. 

HeaHng  under  Constant  Volume,  If  the  miit  of  weight  of  steam  is  heated 
under  constant  volume,  only  the  steam  heat  changesy  because  outer  work  is  not 
performed.    We  haye,  therefore, 

when  the  initial  condition  is  giren  bypi,  V|,  2\,  or  by  Equations  (84)  and  (B6), 

«  =  jf~i(P-Pi)vi (WK 

or 

The  first  equation  gives  us  the  relation  between  the  final  pressure  p  and  the 
heat  imparted.    The  second  gives  us  the  final  temperature  T, 

The  preceding  problems  might  be  easily  multiplied.  We  can  easily  solve  for 
superheated  steam  all  the  examples  already  solved  in  this  book  for  satnnted 
steam  and  gases. 

Of  especial  interest  are  the  phenomena  of  elfinx  of  superheated  steam  thioogfa 
orifices  and  the  deportment  of  mixtures  of  steams.  For  lack  of  space  we  only 
call  attention  to  one  more  problem,  which  is  of  importance  because  we  have  in 
respect  to  it  experiments  which  afford  a  new  confirmation  of  the  correctnesB  of 
our  views  regarding  the  deportment  of  saturated  steam. 

Let  there  be  in  a  cylinder  A  superheated  or  pure  saturated  steam  of  pressure 
|ii,  temperature  Tu  and  volume  t;, .  Let  it  be  forced  under  constant  {ffessme 
Pi  through  a  pipe  to  a  second  cylinder  B,  where  it  drives  back  a  piston  under 
the  less  but  constant  pressure  p,.  What  is  the  temperature  Tf,  and  specific  txA- 
ume  Vt  when  equilibrium  is  attained  ? 

If  we  follow  the  unit  of  weight  of  steam  from  A  to  ^,  we  have  at  the  begin- 
ning the  steam  heat  J^  and  at  the  end  Jf.  In  A  the  work  ispi v,,  and  in  B, 
PsVg.  The  first  work  causes  an  increase  of  the  steam  heat  4Pi^i*  '^^  second 
a  diminution  by  ApfV^,  We  have,  therefore,  if  heat  is  neither  imparted  nor  ab- 
stracted, 

tTj  +  ApiVi  —  Ap^v^  =  t^£. 

From  Equation  (84),  we  have 

A  A 

Hence,  after  reduction, 

P%^t=PiVi W 

from  which  we  can  find  the  spedfio  volume  ««• 
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If  we  use  this  formula  in  Equation  (24)»  we  have 

BTt  -Cp^  k    =  BTi  -  CpiT' 


and  hence,  for  the  lall  of  temperature. 


*i-it  =  ^(pi  k    -J),    *    Y 


{«!). 


and  from  this  we  can  find  the  temperature  /g. 


EXAMPLE. 

If  j»i  =  18  atmospheres,  and  p§  =  l  atmosphere,  the  fkll  of  temperature  is^  by 
Equation  (61)  and  Table  U., 

/»-<,  =  72.857  -  88.251  =  84.25'. 

If  the  steam  in  ^  is  saturated,  then  by  Table  I.,  ^  =  102.08%  and  hence 
U  =  157.88% 

If  the  steam  in  A  is  superheated,  and  has  the  temperature  ^i  =  200**,  205'',  or 
210*",  we  haye  for  the  corresponding  temperatures,  since  for  the  same  pressures 
Pi  andpf  the  fall  is  the  same, 

<.  =  165.75,    170.75,    175.75. 

Him  has  found  by  experiment,  for  the  first  case,  ^  =  155.58,  and  for  the 
other  three 

/,  =  166',    171.5%     177% 

The  agreement  with  calculation  is  entirely  satisfactory.  For  less  initial 
pressures  j?  i ,  the  diif erences  are  greater.  Thus,  when  in  all  cases  the  final  press- 
ure was  J?,  =  1  atmosphere,  we  haye  for 

Calculation.  Him. 

1),  =  5  atmos.    ti  =  152.22    U  =  188.84  187.72 

5  246  227.12  288.5 

8  188.91  121.87  128.4 

The  deyiations  may  be  ascribed,  for  the  most  part,  to  the  uncertainties  and 
difficulties  of  the  experiments. 

The  preceding  case  occurs  when  steam  escapes  from  a  boiler  into  the  atmos- 
phere. The  temperature  /,  is  then  that  of  the  steam  after  it  has  expanded 
oome  to  rest,  and  its  pressure  sunk  to  one  atmosphere.  Of  course  the  experi- 
ment cannot  be  so  tested,  because  the  cold  air  cools  the  steam  jet.  In  order  to 
avoid  this,  Him  let  the  steam  escape  into  a  wooden  box  surrounded  by  a  second 
box.  This  second  box  was  inclosed  in  a  third.  The  steam  passed,  after  filling 
the  first,  through  a  laige  orifice  into  the  second,  from  this  into  the  third,  and 
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finally  into  the  air.  The  apertures  were  so  large  that  the  pressure  in  the  inner 
box,  in  which  the  temperature  i^  was  observed,  hardly  differed  from  the  exterior 
atmospheric  pressure.  It  is  very  desirable  that  these  fine  and  ingenious  experi- 
ments of  Hirn  should  be  repeated  and  extended. 

Since  for  permanent  gases  (7  =  0  m  Equation  (Gl),  the  fall  of  temperature  in 
such  case  is  zero.  This  can  be  proved  from  the  formulro  m  Chapter  V.,  page 
154  When,  therefore,  a  permanent  gas  flows  adiabatically  and  under  constant 
pressure  from  one  vessel  into  another  in  which  the  pressure  is  also  constant, 
there  is  no  change  of  temperature.  This,  of  course,  holds  good  only  for  a  perfect 
gas.  Actual  gases  shows  deviations  similar  to  steam,  as  shown  by  the  experi- 
ments of  Joule  and  Regnault. 

[The  problem  of  the  mixture  of  superheated  steam  with  saturated  steam  is 
one  of  considerable  importance.  It  is  often  the  case  that  only  a  portion  of  the 
steam  passes  through  the  superheater  and  then  mixes  with  the  wet  steam  which 
comes  directly  from  the  boiler  on  its  way  to  the  cylinder.  This  takes  place  under 
constant  pressure,  and  heat  is  neither  imparted  nor  abstracted. 

Suppose  we  mix  together 

Ox  kilograms  of  superheated  steam  in  the  condition p,  t^j,  and  Ty,  and 
Ot  kilograms  of  wet  saturated  steam  of  the  pressure^,  specific  volume  Vt, 
temperature  T^,  and  specific  steam  weight  x. 

Required  the  condition  v  and  Toi  the  mixture,  assuming  that  this  mixture  is 
either  superheated  or  dry  saturated,  ♦.  c,  contains  no  water.  (If  we  assume  that 
the  mixture  is  wet,  we  can  solve  the  problem  in  a  precisely  similar  manner,  bat 
the  case  does  not  occur  in  practice.) 

We  have  for  the  total  heat  in  the  O^  kHogmms  of  superheated  steami  before 
mixture,  from  Equation  (39), 

and  for  the  total  heat  in  the  0^  kilograms  of  wet  steam,  before  mixture, 
TT,  =  6^,  ^Jo  +  C;,^2;-^"-*-^  -(l-a;)r1. 

The  total  heat  in  the  mixture  G  —  G^  +  6?,  is,  if  it  is  dry. 


Tr=6^J^,7o  +  (j,^r-^pV-)J. 


Since  heat  is  neither  imparted  nor  abstracted,  the  total  heat  after  equilihiiiun 
must  be  the  same,  hence 

or,  after  reduction, 

GT^G^T,^G,T^^G^(\^xf-- GX 


• 
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From  EquAtion  (24)  we  also  obtain,  after  reduction, 

Qv-0,v,  +  0^v^-BG^{i--z)— (2). 

From  these  two  equations  we  can  find  the  absolute  temperature  Tand  specific 
Tolume  V  of  the  mixture. 

For  the  change  of  volume  after  mixture,  we  haye 

Qv  -  G^v^  -  G^v^  =  -  BG^  (1  -  ar)—     .    .    .    .    (8). 

For  a  giyen  pressure  then,  the  change  of  volume  is  directly  proportional  to 
the  originaUy  existing  weight  of  water,  GtiX—  z\  and  it  is  negative,  t.  e.,  there 
is  a  diminution  of  volume  by  mixing. 

In  most  practical  cases  it  is  required  to  find  for  given  values  of  G^  p,  T  and 
Tj,  how  much  saturated  steam  Gt  should  be  mixed,  in  order  that  the  resulting 
mixture  may  be  either  superheated  or  dry  saturated. 

We  find  from  (1)  directly,  by  substituting  Gi  =  G  ^  G^ 

e.=      ^^--^^   , (4). 

It  the  Of  kilograms  wera  also  snperheated,  'we  should  have 

nm^  h0iioe 

GT=zGiTi'¥  G^T^ (5), 

Gv  =  GiVi  -h  (?,v, (6). 

_     (T,-^T)G 

• "    T^-r,      ^ 

If  the  Gt  Idlograms  were  origmally  dry  saturated,  we  should  have  in  (1),  (2X 
and  (8)  a;  =  1,  and  hence  we  should  have  the  same  equations  as  above,  only  in  the 
place  of  Vf  we  should  put  u,  the  specific  volume  of  dry  saturated  steam  for  the 
gliven  pressure. 

In  these  two  caaes  theie  is  no  change  ol  volume.] 


CHAPTEB  XXIV. 

^.— THE  MOBE  DfPOBTAirr  PRINCIPLES  WHIOH  SHOULD  OOTEBN  THE 

OONSTBUOnON  OF  THE  STEAM  ENGINE. 

One  of  the  most  important  points  in  the  construction  of  a 
steam  engine  is  that  it  shall  giye  a  certain  d^liyeiy  with  the 
least  amount  of  fuel  This  depends  not  only  upon  the  propor- 
tions of  the  engine  itself,  but  also  upon  those  of  the  boiler. 
We  require  from  the  boiler,  first,  that  it  shall  absorb  as  mtuch 
as  possible  of  the  heat  of  the  fuel  and  transmit  it  to  the  water. 
For  this  it  is  necessary  not  only  to  give  the  boiler  an  appro- 
priate shape,  but  also  to  construct  it  of  suitable  materiaL 
Then  the  furnace  must  be  so  arranged  that  the  fuel  is  oom- 
pletely  consumed,  and  that  but  little  heat  shall  be  lost  by  radi* 
ation  or  conduction.  Sometimes  one  of  these  conditions  is  in 
opposition  to  another. 

As  to  the  form  of  the  boiler,  that  is  to  be  preferred  which 
gives  for  given  capacity  the  greatest  heating  surface.  But  on 
the  other  hand,  this  form  should  give  the  necessary  strength* 
The  first  "Watt  boilers,  the  so-called  "  wagon "  boilers,  had  a 
tolerably  large  heating  surface,  and  answered  well  for  the  low 
pressures  then  in  use.  At  present,  when  higher  pressures  are 
used,  they  would  not  be  sufficiently  strong.  Hence  cylindrical 
boilers  are  now  used,  either  with  interior  or  exterior  fire-plaoe. 

The  boiler  should  also  have  such  capacity  as  to  furnish  the 
steam  required  by  the  engine,  and  to  keep  the  engine  in  uni- 
form action.  For  this  reason  the  steam  used  per  stroke  shonld 
be  but  a  small  part  of  the  boiler  capacity.  In  general,  tlie 
steam  space  should  be  at  the  very  least  12  times  the  capacity 
of  the  cylinder.  In  order  that  the  heating  surface  may  be 
large,  the  water  should  occupy  a  certain  extent  of  the  boiler. 

588 
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In  general,  the  water  space  is  -f^  of  the  entire  capacity.  In 
order  to  prevent  radiation^  the  boiler  may  be  coyered,  where 
exposed,  by  poor  conductors.  Boilers  are  sometimes  con- 
structed now  of  steel  plate  as  well  as  iron,  because  the  former 
is  not  only  stronger  but  has  a  greater  conducting  power. 

As  to  the  furnace,  care  must  be  taken  to  secure  complete 
combustion  of  fuel,  that  the  heat  may  be  absorbed  by  the 
boiler  sides,  and  that  but  little  heat  is  lost  For  complete 
combustion  a  certain  amount  of  air  is  essential  But  if  more 
air  than  necessary  is  used,  the  excess  absorbs  a  portion  of  the 
heat,  of  which  indeed  a  part  is  given  up  to  the  boiler,  but 
another  part  escapes  at  the  chimney.  A  good  draught  is  also 
necessary.  This  will  be  greater  the  higher  the  chimney  and 
the  greater  the  difference  of  temperature  of  the  air  in  the 
chimney  and  the  cold  air  outside.  The  height  of  chimney  has 
a  limit,  both  by  reason  of  cost,  and  because  the  increased  fric- 
tion diminishes  the  draught.  The  temperature  in  the  chimney 
should  not  be  too  great,  because  then  a  great  part  of  the  heat 
passes  off  unutilized.  It  has  been  sought  to  utilize  this  waste 
heat  in  the  chimney  by  making  it  heat  the  feed  water,  when 
ordinary  feed  pumps  are  used  Engines  working  with  super- 
heated steam,  of  which  there  are  but  few,  use  this  heat  to 
superheat  the  steam. 

In  stationary  engines  the  grate  surface  is  a  certain  propor- 
tion of  the  heating  surface,  about  -^  or  -}x  only.  In  locomo- 
tives this  ratio  is  still  less,  even  as  low  as  ^  or  less,  but 
here  there  is  a  strong  artificial  draught.  It  is  thus  pos- 
sible with  a  boiler  of  relatively  small  capacity  and  weight 
(weight  of  boiler  with  water)  to  generate  in  a  short  time  a  con- 
siderable amount  of  steam,  a  property  which  is  of  importance 
in  locomotives  especially. 

The  ratio  of  the  heat  absorbed  by  the  boiler  in  a  given  time, 
as  one  hour,  and  which  can  be  determined  evidently  by  the 
amount  of  water  vaporized  in  that  time,  to  that  furnished  by 
the  fuel,  is  called  the  e£Sciency  of  the  boiler.  The  heat  tmits 
furnished  by  the  complete  combustion  of  different  fuels  have 
been  determined  by  experiment.  We  may  call  this  the  heat- 
ing value  of  the  fuel 

The  more  water  is  evaporated  in  a  given  time  by  a  given 
weight  of  fuel  the  greater  the  efficiency. 
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Example  1. — In  a  hot-air  engine  the  heat  furnished  per  hour  co  the  nir  is 
6170  heat  units,  while  in  the  same  time  4.585  kilograms  of  coal  are  consumed, 
whose  heating  value  is  3500  heat  units.    What  is  the  furnace  efficiency  ? 

We  have 

61^  _Qog 

4.585  X  8500  "     ^' 
Therefore  62  per  cent,  of  the  heat  is  lost. 

Example  2. — The  boiler  of  an  expansion  engine  which  uses  steam  of  5  ataaos- 
pheres,  vaporizes  per  hour,  for  every  horse  power,  30  kilogpims  of  water,  and  re- 
quires for  this  5  kilograms  of  hard  coal,  whose  heating  power  is  7500  heat  units. 
What  is  the  boiler  efficiency  ? 

If  we  assume  640  heat  units  to  1  kilogram  of  steam  at  all  pressures,  we  have 
80  X  640  =  19200  heat  unite  imparted  to  the  water  per  hour  per  horse  power. 
The  5  kilograms  of  coal  give  7500  x  5  =  87500  heat  units,   flence  the  efficiency  is 

87500  =  "•^^^• 

As  to  the  engine  itself  j  the  first  requirement  is  that  for  & 
giyen  power  it  shall  use  as  little  steam  as  possible.  This  is 
accomplished  principally  by  using  the  steam  expansively  and 
having  as  much  expansion  as  possible.  Since  the  counter- 
pressure  upon  the  piston  has  considerable  influence,  this 
should  be  as  small  as  may  be.  Where,  then,  water  is  plentiful, 
condensing  engines  are  of  value.  In  order  that  the  useful 
effect  for  a  given  steam  consumption  may  be  a  maximum,  the 
prejudicial  resistances,  friction,  work  of  the  pumps,  etc.,  should 
be  a  minimum.  These  conditions  require  the  construction  to 
be  simple.  If  we  use  high  steam  (7  or  8  atmospheres)  and  a 
high  expansion  (1  to  6  or  1  to  8)  the  use  of  the  condenser  offers 
less  advantage,  as  the  influence  of  the  back  pressure  is  rela- 
tively less,  and  two  pumps  must  be  worked  by  the  engine. 

While  seeking  to  reduce  the  cost  of  working  to  a  minimum, 
we  should  also  make  the  cost  of  construction  smalL  This,  as 
well  as  the  cost  of  erection,  depends  upon  the  dimensions, 
which  we  must  therefore  make  as  small  as  possible.  This  may 
be  effected  by  the  use  of  high  steam,  and  also  by  rapid  action. 
As  both  these  increase,  the  cylinder  volume  becomes  less.  For 
a  rapid  engine,  the  fly-wheel  also  is  lighter  and  the  friction  of 
the  shaft  is  less.  Most  industrial  purposes  also  require  a 
high  velocity,  so  that  high  piston  speed  causes  simpler  gear- 
ing. 
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Toted  Ddivery — Useful  Effect — Effidency. — By  total  delivery 
vre  mean  the  work  of  the  effective  steam  pressure,  or  pressure 
of  boiler  steam  minus  the  back  pressure  of  the  air  or  conden- 
ser. From  this  total  effect  we  have  to  subtract  the  losses  due 
to  difference  between  boiler  and  cylinder  pressure,  friction  of 
piston,  valves,  etc.  The  difference  is  the  calculated  or  theo- 
retical useful  effect.  This  then  is  the  work  actually  imparted 
to  the  engine.  If  we  measure  the  work  done,  by  the  dyna- 
mometer, we  have  the  actual  or  observed  useful  effect.  The 
more  reliable  the  coefficients  used  in  determining  the  losses, 
the  better  the  agreement  between  the  calculated  and  the  ob- 
served useful  effect  The  division  of  the  useful  effect  by  the 
total  gives  the  efficiency.  A  machine  is  more  nearly  perfect 
the  nearer  this  ratio  is  to  unity.  The  same  method  of  calcula- 
tion is  used  when  we  make  use  of  the  principles  of  the  me- 
chanical theory  of  heat,  as  when  we  proceed  according  to  the 
old  method  of  Pambour,  only  we  have  to  take  into  account 
a  new  loss,  which  Zeuner  calls  the  loss  by  reason  of  the  inoom- 
pleieness  of  the  cyde  process.  We  shall  return  to  this  later 
on. 

In  any  steam  engine,  the  greater  the  efficiency  of  the  furnace 
and  the  engine  itself,  the  better  is  the  machine.  If  in  addition, 
cost  of  erection  and  repairs  is  small,  all  conditions  are  satisfied 
which  can  be  demanded  of  the  construction.  To  demand  that 
the  furnace  shall  absorb  all,  or  the  greatest  part  of  the  heat 
contained  in  the  fuel,  is  as  unreasonable  as  to  demand  that  a 
water-wheel  shall  receive  the  entire  flow  of  a  river  from  the 
source  to  the  sea. 

If  we  divide  the  useful  effect  of  a  steam  engine,  expressed  in 
units  of  heat,  by  the  number  of  heat  units  given  by  the  com- 
bustion of  the  fuel,  we  obtain  the  "  thermal  effect "  of  the  entire 
apparatus. 

ExAVPLB  1.— The  total  delivery  of  a  steam  engine  is  1000  meter-kilogtams  per 
second,  and  the  useful  effect  537.    What  is  the  efficiency  ? 

^«»«"  iS3- =••'«"• 

ExAMPLB  2.— What  is  thennal  eifect  of  the  hot^dr  engine,  page  548»  when 
the  hourly  delivery  is  265680  ? 
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Since  in  1  hour  4.585  x  8500  heat  units  are  set  free  in  the  furnace,  andS65680 

265680 
meter-kilograms  conesponds  to  —^r-  =  626.6  heat  units,  ve  haTo 

j-^= — "8500"  ~  O'^^f  O'  about  4  per  cent. 

The  thermal  eif ect  Ib  that  which  properly  informs  us  as  to  the  eoonom j  of 
steam  or  hot-air  engines. 


B. — ^Thb  Otole  Pbogess  of  the  Pebfect  Steam  Engine,  akd 

THE  "Disposable  Wobk." 

In  the  first  part,  we  haye  seen  that  the  deliyeiy  of  eyeiy 
caloric  engine  is  giyen  by 


l-%(t,-t). 


where  ~rp  is  ^^  l^^a*  weight  imparted  and  Ti  —  Tthe  texnper- 

atore  fall,  or  the  di£ference  of  the  highest  and  lowest  tempera- 
tures of  the  air  when  compressed  adiabatieall j.  We  called  it 
there  the  "  useful  deliyerj,"  because  it  was  that  obtained  bj 
subtracting  from  the  total  deliyery,  or  work  of  the  air  on  the 
piston,  that  required  for  the  compression  of  the  air  hj  the  feed 
piston.  We  shall  now  call  it  the  *^  disposable  work"  since  it  is 
that  which  the  air  in  passing  through  its  cycle  puts  at  our  dis- 
position, from  which  we  are  to  get  as  much  useful  effect  as  we 
can. 

We  haye  also  seen  what  the  cycle  process  is  when  the  (Aso- 
Itde  maximum  of  work  is  required.  The  addition  and  abstrac- 
tion of  heat  must  be  so  regulated  that  all  the  heat  imparted 
must  be  transformed  into  work.  In  other  words,  heat  addition 
and  abstraction  must  take  place  according  to  the  isothermal 
curye,  and  the  two  others  must  be  adiabatic.  Such  a  cycle 
process  we  can  call  "perfect,'*  and  an  engine  which  goes 
through  such  a  cycle  is  called  "peTfed^^^  or  ideaL  It  is  impos- 
sible, with  the  same  expenditure  heat  and  temperature  fall,  to 
obtain  a  greater  deliyery  than  such  an  engine  giyes.  But  it 
has  the  disadyantage  that,  other  things  being  the  same,  it  re- 
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quires  a  mnch  greater  cylinder  Tolmne  than  hot-sir  engines  in 
Trhich  heat  addition  and  abstraction  take  place  according  to 
some  other  law  than  the  isothermal  For  this  reason  it  is  not 
to  be  recommended  in  practice. 

The  case  is  different  in  this  respect  when  we  use  steam  in- 
stead of  air  or  a  permanent  gas.  Here  also  such  an  engine  is 
perfect  when  the  cycle  process  is  perfect  But  here  such  a 
process  is  the  easiest  executed,  because  the  isothermal  lines 
are  parallel  to  the  axis  of  X 

We  shall  first  speak  of  the  perfect  cycle  process  of  the  steam 
engine.  We  shall  see,  as  we  proceed,  why  in  oar  present  en- 
gines the  cycle  is  iocomplete.  The  work  of  such  a  perfect 
steam  engine  we  call,  with  Zeuner,  the  disposable  work. 

Let  EF,  Fig.  92,  be  the  steam  cylinder  with  the  piston  KK, 
Left  of  the  piston  is  a  certain  weight  of  water  of  O  kil<^;rams. 
The  pressure  upon  the 
piston  is  p,  and  tiie  back 
pressure  is  ^.  Li  a  con- 
densing engine  p^  is  about 
0.15,  and  in  a  non-condens- 
ing 1.1  atmosphere.  Nov 
let  heat  be  imparted  till 
the  water  is  raised  to  its 
boiling  point  t"  for  the 
pressure  p.  If  heat  is  still 
further  imparted,  steam  is 
generated  of  the  pressure 
P  and  temperature  t,  and 
the  piston  is  driven  toward 
the  right  When  the  dis- 
tance  HV  =  AB  is  passed 

let  the  greatest  part  of  the  water  be  vaporized.  Let  the  specific 
steam  weight  be  now  x.  Then  we  have  now  in  the  cylinder 
Gx  kil<^ramB  of  steam,  and  <?  (1  —  x)  of  water.  The  heat  im- 
parted to  the  water  at  t°,  to  generate  the  steam,  is  Orx  heat 
units,  where  r  is  the  total  latent  heat  of  vaporization.  Let 
now  the  mixture  expand  adiabaticaUy  along  BC,  nntil  the  vol- 
nme  is  V|,  and  the  temperature  and  pressure  ^  and  ^.  As  we 
know,  steam  condenses  during  the  expansion,  and  the  specific 
steam  quantity  at  the  end  is  less  than  at  the  beginning.  Sap- 
88 


594  THERMODTNAMIOB. 

pose  this  quantity  is  Xi,  then  we  haye  (page  177)  Equation 
XXV., 

where  rj  is  the  latent  heat  of  vaporization  at  the  temperature 
^1.  The  piston  is'  now  at  the  end  of  its  stroke.  Now  let  the 
volume  Vi,  of  the  temperature  t^  be  compressed  under  the  con- 
stant pressure  p^  till  the  volume  is  v^,  that  is,  the  piston  passes 
through  CD.  Then  let  the  remaining  volume  be  compressed 
adiabatically,  D  being  so  chosen  that  during  compression  from 
V  to  Hf  the  remaining  steam  is  converted  into  water,  and  we 
have  the  original  condition  again.  If  the  process  is  thus  per- 
formed as  indicated,  we  have  not  only  a  complete  cycle  process, 
but  also  2i.  perfect  cycle  process,  that  is,  one  in  which  the  work 
obtained  is  a  maximum.  Whatever  other  complete  cycle 
process  the  steam  may  be  made  to  perform,  the  work  obtained 
for  the  same  amount  of  heat  imparted  will  be  less.  If  the  spe- 
cific steam  quantity  at  27  is  o^  (of  course,  less  than  at  (7),  we 
have,  since  at  ^,  a?2  =  0, 

-f +  -.=-. 

At  C  the  steam  weight  was  Ox^^  and  at  Z)  it  is  Ghx^  so  that 
from  Gio  D  the  heat  abstracted  is 

Qi  =  Gn  (a?i  -  »8). 

The  entire  process  thus  is  similar  to  that  on  page  24A  of 
Part  I.  where  air  expanded  and  was  compressed  under  con* 
stant  pressure.  Just  as  there  the  work  actually  obtained,  after 
subtracting  that  of  the  back  pressure  jp,  is  given  by  the  area 
TiTiT^2\,  so  here  the  area  ABCD  is  the  effective  work, or  that 
obtained  after  subtracting  that  of  the  back  pressure^.  If  we 
denote  the  work  by  i,  we  have 

i  =  2^  (©  -^  Ci)  (see  page  199,  Part  L) 
If  for  Q  and  Qi  we  put  the  values  above, 

L  =  Orx  —  CrTi  {xi  —  x^. 
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Since 

^T  +  ^  -  ^1 )  ^i»    and    na^  =  (r  -  r^)  T, 
we  have 

L  =  ^{T~T,),    .    .    .    (CXm.) 

or 

L=-^^{T-T,),    .    .    .    (CXIV.) 

This  is  the  same  equation  which  we  found  in  Part  I.  for  the 

delivery  of  the  hot-air  engine.    The  quotient  -J^  is  the  heat 

weight  and  T  —  Ti  the  temperature  falL  Just  as  in  hydraulics 
we  determine  the  total  delivery,  or,  as  we  now  call  it,  the  dis- 
posable work,  of  a  water-wheel  from  the  weight  of  water  enter- 
ing the  wheel  in  a  certain  time  and  the  fall,  so  here  the  dis- 
posable work  of  a  steam  engine  is  given  by  the  product  of  the 
heat  weight  imparted  in  a  certain  time  and  the  temperature  falL 
Since  in  every  complete  cycle  process  the  heat  weight  ab- 
stracted is  equal  to  that  imparted,  we  have  also 

L  =  -^^^{T-T,)   ....    (CXV.) 

Both  formulsB  give  for  a  certain  Q  or  Qi  the  absolute  maxi- 
mum delivery  of  a  machine.  For  the  same  heat  Q  or  Qi  the 
delivery  is  greater  the  greater  the  temperature  fall.  In  hot-air 
engines  we  could  not,  on  account  of  practical  reasons,  have  T 
over  573°,  and  T^  cannot  be  much  below  273''.  If  in  the  steam 
engine  T  were  573°,  or  ^  =  300°,  we  should  have  an  enormous 
steam  pressure,  since  for  230°  the  pressure  is  about  28  atmos- 
pheres. At  present  we  seldom  exceed  10  atmospheres,  which 
corresponds  to  t  -  180.3°,  or  T  =  453.3°.  Whether  it  is  prac- 
ticable to  employ  higher  pressures  can  only  be  determined  by 
practice.  Further,  we  cannot  well  go  below  U  =  46.2°,  or 
Ti  =  319.2°,  as  this  temperature  corresponds  to  Vott  of  ^^ 
atmosphere.  For  a  lower  temperature  the  amount  of  condensa- 
tion water  is  too  great.  For  engines  without  condensation, 
ti  =  100°,  and  Ti  =  373°.    If  then  we  regard  t  =  180.3°  as  the 
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maximnm  temperature,  we  have  for  the  Tn^TiTifiTiTn  deliyerj  of  a 
perfect  steam  engine,  for  condensation, 

=  ^1  (180.3- 46.2)  =126.38(?,    .    (CX7I) 

or  for  English  nnits  and  Fahrenheit  degrees  318.78 Q. 
and  non-condensing, 

L  =  211  (180.3  -  100)  =  76.080  •     .    (CXYEL) 
or  for  English  nnits  and  Fahrenheit  degrees  190.88  Q. 

E2LA.MPLE. 

What  is  the  deUTerj  of  a  perfect  steam  engine,  which  usee  per  hour  100  kilo- 
grams (or  220  Ihs.)  of  steam  of  10  atmospheres  ? 

If  we  assume  the  steam  to  be  dry,  Qz=  Or  where  Q  and  Q  are  quantities  per 
hour.  Now  r  =  p-h  Apu  is  for  10  atmospheres  478.8  (or  861.8).  Henoe  Q  = 
478.8  X  100  =  47880  heat  units  per  hour,  or  18.8  per  seoond  (or  48.61). 

For  a  condensing  engine,  then, 

L  =  125.88  X  18.8  =  1667.55  meter-kilogramfl, 
or  X  =  818.78  x  40.61  =  16814.7  foot-lbs. 

Henoe  N  =  ^^-^  =  22.28  horse  power, 

75 

or  Jf  =  15?^^  =  28.75  horse  power  English. 
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For  non-condensing, 

L  =  75.08  X  18.8  =  908.56  meter-kilograms, 
or  Z  =  190.88  x  49.61  =  9469.56  foot-lbs. 

Henoe  N=  ^?iL^  =  18.82  horse  power, 
75 

or  Jf  =  ^^^  =  17.21  horse  power  English. 

Since  now,  from  formulas  OXIV.  and  OXV.,  the  delirery  of 
an  engine  depends  only  upon  the  heat  Q  and  temperature  fall, 
it  is  evident  that  the  kind  of  liquid  used  makes  no  difference, 
whether  water,  alcohol,  ether,  or  air. 

Let  us  now  consider  the  cycle  process  of  our  actual  steam 
engines  and  find  their  delivery.  We  shall  then  see  why  their 
cycle  process  is  not  perfect  If  we  then  compare  the  delivery 
with  that  of  a  perfect  engine,  we  shall  have  the  loss  of  efiect 
due  to  the  imperfection  of  the  process,  to  which  we  have 
already  referred. 


8TBAM  ENanfB-CrCLS  PROOEBB. 


C. — CiCLE  Pbooess  of  the  Aotuai.  Steam  Bnoins  and  Cexeb- 

UNATION  OF  THE  LoSS  OF  EFFECT  DCE   TO    THE  iHFEBFEOnOH 
OF  THE  PbOOESS. 

In  acttial  engines  we  have  to  do  vith  a  complete  bat  not  a  per- 
fect  cj-cle  process. 

Let  A  be  tbe  steam  oylindeT  and  K  tbe  boiler.  The  steam 
bas  tbe  press- 
ure p  and  tern- 
peratnre  £■ 
From  tbe  boil- 
er it  passes 
throagb  t  b  e  a 
steam  pipe  to 
the  valve  box 
on  the  right  of 
the  cylinder^. 
Let  the  piston 
have  its  highest 
position,  and 
hence  the  up- 
per part  be  a 
little  open. 
Provided  that 
there  is  no  fric- 
tion  in    steam 

pipe,  steam  of  ''"'■  ** 

the  boiler  pressare  enters  above  the  piston  and  forces  it  down. 
Ijet  the  line  Oo  represent  the  pressure  p.  When  tbe  piston 
has  passed  throngh  tbe  distance  OV,  and  when,  therefore, 
there  have  entered  Y  cobio  anits  of  steam  from  the  boiler,  let 
expansion  commence,  and  the  steam  expand  according  to  the 
adiabatic  line  zzi.  At  the  end  of  expansion  let  the  steam  have 
the  pTesenre  p\  and  the  temperature  ^  of  the  condenser  C. 
Above  the  piston  we  have  then  steam  of  the  pressure  p^  and 
volume  V\.  By  this  time  the  valve  bas  opened  the  lower  port, 
and  steam  of  tbe  boiler  pressure  p  is  below  the  piston,  which 
now  rises.  While  rising,  it  forces  the  steam  volume  Vx  under 
the  pressure  p^  graduallj'  into  tbe  condenser.    Thus  tbe  back 
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pressure  is^.     The  line  x^a  represents  this  pressure,  while  xjb 
is  the  stroke. 

If  the  engine  has  a  surface  condenser,  the  volume  Vx  is  con- 
densed, and  is  then  forced  by  the  feed  pump  D  into  K.  Here 
it  is  again  heated  from  t^  to  t^  then  converted  into  steam,  and 
then  admitted  to  the  cylinder.  If  we  have  a  jet  condenser,  the 
pump  D  must  rejoaove  from  the  condenser  not  only  the  con- 
densed steam,  but  also  the  injection  water.  But  it  only  has  to 
force  into  the  boiler  as  much  water  as  before.  If  there  is  no 
condenser,  the  back  pressure  pi  is  that  of  the  atmosphere,  and 
it  is  just  the  same  as  if  we  had  a  condensing  engine  in  which 
the  condensed  steam  has  a  temperature  of  lOO"".  Although  in 
this  case  the  same  weight  of  water  must  be  forced  into  the 
boiler  as  before,  this  water,  if  there  is  no  feed  heater,  has  a 
lower  temperature,  and  more  heat  is  required  to  heat  it  than 
in  the  condensing  engine. 

Since  we  thus  know  the  character  of  the  cycle  process,  we 
can  calculate  the  delivery.  First,  it  is  evident  that  the  area 
JoaxPi,  gives  the  delivery  per  stroke,  the  work  of  overcoming  the 
back  pressure  being  deducted  from  the  total.  If,  then,  we  de- 
duct the  work  required  for  forcing  the  feed  into  the  boiler,  we 
have  the  work  corresponding  to  the  cycle  process  of  the  actual 
steam  engine. 

We  assume  again  G  as  the  weight  of  steam  and  water  per 
stroke,  of  which  xG  kilograms  are  steam  and  (1  ~  x)  {7  wi^er. 
The  steam  volume  used  per  stroke  is  F,  or 

F=  (xM  4-  <y)  <r  cubic  meters. 

The  work  during  full  pressure  is 

Li  =pV=p{xu  -h  <y)  G  meter-kilograms. 

If  the  specific  steam  weight  at  the  end  of  expansion  is  a^  we 
have  for  the  volume  Vi 

Ft  =  {xiu,  +  (t)  Gi. 

Since  the  steam  expands  adiabatically,  we  have  for  the  work 
during  expansion  (Equation  XXVTL) 

A  =  (?  -  ?i  +  xp  -  XiPi)  -J . 
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Hence  the  delivery  per  stroke  is 

From  this  we  must  subtract  the  work  in  overcoming  the  back 
pressure  pi.    This  is 

A=i>i(aa^  +  (y)  G. 

Therefore  the  delivery,  neglecting  the  work  required  for  the 
feed,  is 

-4  (Zi  +  ij  —  i^  =  lAp{xu  -\'(y)+  {q  —  qi  +  xp—  XiPi)  —  Api 

{ociUi  +  a*)]  G  heat  units. 

Li  +  Li  —  Lgzz^L^lq-qi+xr  —  Xiri  +  <^{p-pi)^]j-  ,  or 

AL  =  [q  — gi  +  ar  —  XiTi  +  Aa  {jp-'P^']G  heat  units. 

(CXVUL) 

If  the  last  member  in  this  equation  is  neglected  on  account 
of  its  smallness,  we  shall  have  Equation  LY.,  page  516,  which 
we  have  already  found  for  the  efSux  of  steam.    Hence 

At'0  =  AL, 
or 

2? 

That  is,  the  total  delivery  of  the  actual  steam  engine  per 
stroke  is  equal  to  the  living  force  of  the  steam  G  used  per 
stroke  when  it  flows  with  the  velocity  w  from  the  boiler.  This 
might  at  first  sight  seem  to  make  it  advantageous  to  allow  the 
steam  to  act  by  impulse  or  reaction.  When  we  consider,  how- 
ever, that  a  reaction  wheel  only  gives  its  maxiipum  deHvery 
when  it  revolves  with  the  same  velocity  as  the  liquid  departs, 
such  a  wheel  would  have  to  have  an  enormous  velocity,  as  the 
Telocity  of  steam  is  very  great  when  issuing  even  under  low 
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pressures.    Such  a  velocity  would  consume  much  of  the  effect;, 
even  if  the  construction  had  any  practical  value.     (Zeuner, 
Warmetheorie,  page  477.) 
If  we  determine  x^Vi  from  the  known  relation 

and  insert  it  in  the  preceding  equation,  we  have,  after  reduc- 
tion, 

^=  [f  (^-rO+?-(?i-(r-r,)I\+^(r(p-^)]<?.  (OXIX.) 


This  expression  is  not  yet  the  outer  work  of  the  steam  en- 
gine. It  is  rather  the  entire  work  obtained  up  to  the  point 
where  the  G  kilograms  of  steam  at  t^e  temperature  t  have  be- 
come water  at  the  temperature  ^.  To  complete  the  cycle  pro- 
cess we  have  still  to  force  this  water  into  the  boiler. 

Here  we  have  to  distinguish  between  engines  condensing  and 
non-condensing.  In  the  first  case,  we  may  have  either  a  sur- 
face or  a  jet  condenser.  In  the  other,  the  steam  escapes  into 
the  air. 

(a.)  Condensing  Engine — Surface  Condenser. — ^In  this  case 
the  pump  D  has  to  raise  per  stroke  the  G  kilograms  and  force 
them  into  the  boiler.  If  the  pressure  of  the  air  is  j3\),  we  have 
for  the  work  of  removing  from  the  condenser 

and  for  forcing  into  the  boiler 

When  we  add  both  works,  we  have  for  the  work  of  the  pump 

■ 

Li=  0(r(p—  pi)  meter-kilograms,  or  in  heat  units 

AL^  =  A(T{p  — ^i)  0. 
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Subtracting  this  from  CXIX.,  we  have  for  the  work  obtained 
by  the  cycle  process  of  a  steam  engine  with  surface  condenser, 

AZ  =  rj(r-ri)+?-gi-(r--ri)  T^G  heat  units-     (OXX.) 

(6.)  Condensing  Engine — Jet  Condenser. — ^We  suppose  that  the 
air  pump  not  only  removes  the  water  from  the  condenser,  but 
also  forces  it  into  the  boiler.  We  also  neglect  the  fact  that  it 
remoYes  air  also.  If  Oq  is  the  injection  water  per  stroke,  the 
pump  has  to  remove  per  stroke  O  +  Gq,  but  only  has  to  force 
G  into  the  boiler.    The  work  of  removing  is 

(G^o+  Cr)(po-pi)(y-  Oo(r(po-Pi)+  Gf<y (jpo  - Pi)^ 

The  water  Go  then  runs  oS,  and  G  is  forced  into  the  boiler. 
The  work  required  is 

G<T{p-po). 

The  total  work  of  the  pump  is  then 

L4  =  Go<r  (2?o  -Pi)  +  (^^  {p  -Pii' 

We  have  then  for  the  work  of  the  cycle  process  of  a  condens- 
ing engine  with  jet  condenser 

(CXXL) 
The  last  member  is  so  small  that  it  may  be  neglected. 

(c)  Nonrcondensing  Engine^  with  Ordinary  Foroe  Pump. — ^Let 
the  height  to  which  the  water  is  sucked  be  A.  The  work  is 
Ghm    The  work  of  forcing  into  the  boiler  is 

0(^{p-po). 
But  in  the  present  case  j^b  ^Pi^  hence 

L^^  Gh  +  G(T {p  —p^. 
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Subtracting  this  work  from  CXIX.,  we  have 

^i:=G[5(r-7\)  +  g-ji-(r-rOr,-^].     (CXXIL) 
Here  Ah  may  be  neglected,  and  we  have  again  Equation  CXX. 

(cZ.)  The  Boiler  is  Fed  by  a  Giffard  Injector. — In  this  case 
there  is  no  outer  work  required  for  the  injector.  We  can 
therefore  use  Equation  CXIX.  directly,  of  which  we  may  ne- 
glect the  last  equation.  Hence  Equation  CXX.  gires,  in  all 
cases,  the  total  delivery  measured  in  heat  units  of  the  cycle 
process  of  the  steam  engine. 

The  question  now  arises,  what  is  the  amount  of  heat  ex- 
pended? If  we  know  this,  and  insert  it  in  Equation  CXTV. 
instead  of  Q,  we  shall  have  the  delivery  of  an  engine  with  per- 
fect cycle  process.  The  comparison  of  this  with  Equation 
CXX.  will  give  the  loss  of  effect  by  reason  of  the  imperfection 
of  the  process.     This  heat  can  be  easily  determined. 

We  assume  first  that  the  engine  is  condensing.  The  G  kilo- 
grams of  steam  used  per  stroke  are  removed  in  liquid  state 
from  the  condenser  and  forced  into  the  boiler.  The  tempera- 
ture of  this  water  we  have  indicated  by  ^  and  the  heat  of  the 
liquid  is  qi.  Hence  the  O  kilograms  of  water  contain  Gqx  heat 
units.  In  the  boiler  the  temperature  is  raised  to  i^y  and  the 
heat  of  the  liquid  is  q.  The  heat  imparted  is  then  0{q  —  71). 
Of  this  water  xO  kilograms  are  now  vaporized,  which  requires 
the  heat  Orx, 

The  total  heat  then  is 

G^  (rx  +  y  —  ^i)  =  (?  [g  —  i/i  +  (p  +  A'pu)x'\. 

Let  us  assume  again  that  the  engine  is  non-condensing,  and 
that  the  feed  is  furnished  by  the  injector.  If  the  feed  water 
has  a  temperature  of  ^0  the  heat  of  the  liquid  is  r/. ,  and  if  we 
assume  the  water  heated  to  ^°  by  the  steam  of  the  injector, 
this  steam  must  itself  lose  heat,  so  that  it  becomes  water  at  W", 
When  now  this  condensed  steam  with  the  feed  water  enters  the 
boiler,  the  former  must  receive  as  much  heat  as  it  lost  in  con- 
densing in  order  to  be  converted  into  steam  of  i^.    We  neglect 
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thus,  indeed,  that  heat  which,  transformed  into  work,  is  neces- 
sary to  raise  the  feed  water  and  force  it  into  the  boiler.  On 
account  of  its  slight  comparative  amount,  this  is  allowable.  If 
therefore  the  quantity  of  water  raised  is  G,  and  if  it  is  heated 
to  ^2°,  the  heat  lost  by  the  steam  in  thus  heating  it  is 

O  (gr,  -  Jo), 

and  this,  as  remarked,  must  be  again  imparted  to  the  condensed 
steam  in  the  boiler  in  order  to  convert  it  into  steam  'at  f".  The 
feed  water  is  now  heated  in  the  boiler  from  ti°  to  f,  and  this  re- 
quires the  heat  0(q  —  qi).  The  total  heat  imparted  to  the  feed 
water  in  order  to  bring  it  up  to  the  temperature  of  the  boiler 
water  is  then 

Finally  this  water  is  to  be  converted  into  steam  at  ^°.  For 
this  we  require,  assuming  that  of  the  total  weight  of  feed  water, 
Gx  are  steam,  Grx  heat  units.  Hence  the  total  heat  imparted 
to  the  feed  water  is 

O  (rx  +  q  —  qo)  =  G[q  —  qo  -\-  (p  -\-  Apu)  a?]  heat  units. 

If,  finally,  the  boiler  is  fed  by  an  ordinary  force  pump,  and 
the  temperature  of  the  feed  water  is  fo,  we  have  again 

G{rx  -^-q  —  q^^Glq—  (/o  +  (P  +  Apu)  x]  heat  units, 

in  order  to  form  steam  of  f °.  We  see,  then,  that  with  the  in- 
jector we  have  to  impart  as  much  heat  to  the  feed  water,  in 
order  to  generate  the  steam  required,  as  when  the  ordinary 
force  pump  is  used.  In  this  respect  also,  then,  the  injector 
possesses  no  advantage.  The  single  advantage  of  the  injector 
is  that  the  frictional  resistances  are  less. 

From  the  above  it  follows  that  the  heat  required  for  the  de- 
livery of  the  cycle  process  of  the  steam  engine  is  given  by 

Q^  =  (7  (ra?  +  J  -  Jo)  =  G^  [?  -  !7o  +  (P  +  Apv)  «], 
in  which  for  condensing  engines  we  put  q^  for  jo- 
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Tlie  heat^  then,  is  less  the  greater  q^j  tliat  is,  the  hotter  the 
feed  water.  We  see,  then,  the  desirableness  of  a  feed  water 
heater. 

If  now  this  heat  is  used  in  a  perfect  engine,  we  have  for  the 
delivery 

This  delivery  is  therefore  that  whioh,  from  the  standpoint 
of  the  mechanical  heat  theory,  is  disposable  when  the  heat 
^  (?  ~~  ?o  +  'Tx)  is  nsed.  It  is  more  convenient  to  put  the  for- 
mula in  the  following  form. 

Now  in  our  actual  steam  engines  we  have  the  work  from 
Equation  CXX., 

If  we  subtract  this  from  the  preceding,  we  have  for  the  loss 
of  work  by  reason  of  the  imperfection  of  the  cycle  process, 

Li  =  §f  [(?!  -  ?o)  2'  -  («Z  -  ?o)  ^1  +  (r  -  rO  TT{\.  (CXXIV.) 

For  condensing  engines  we  put  qi  in  place  of  q^.  If  we  divide 
this  by  the  disposable  work,  we  have  the  ratio  of  the  loss  of 
effect  to  the  work  which  is  at  our  disposition  in  the  heat  used. 
This  ratio  is 

(g  — 5^0  + ra5)(r  —  ly 


EXAMPLE. 

A  non-oondensing  steam  engine  works  with  dry  steam  of  5  atmospheres.  What 
is  to  when  the  feed  water  has  a  tempeiatore  U  =  IS**  ? 
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From  oar  Tables  we  have  for 

6  atmospheres       and  for       1  atmosphere 

t  =  152.2  t,  =  100 

q  =  158.7  q^  =  100.5 

r  =  0.45  Ty  =  0.81 

r  =  499.2 
hence 

_  (100.5  -  15)  425.2  -  (158.7  - 15)  878  +  (0.45  -  0.81)  425.2  x  878 
■"  (158.7  -  15  +  499.2)  62.2 

6005.88 


88298.4 


=  0.18. 


Therefore  18  per  cent,  of  the  work  at  disposal  is  lost  by  reason  of  the  imper- 
fection of  the  cjcle  process. 

Zexmery  to  whom  this  elegant  and  interesting  discussion  is 
dt^e,  has  investigated  by  various  examples  the  influences  of 
heating  the  feed  water,  and  of  water  contained  in  the  steam, 
upon  the  loss  of  e£fect.  The  following  tabulation  in  which  the 
steam  is  assumed  to  be  dry,  shows  the  influence  of  heating  the 
feed  water.    The  engines  are,  of  course,  non-condensing. 

NON-CONDENSINa  ENGINES. 

{Back  Pressure^  1  Atmosphere.) 


BoOer  PraiKore 
in 
AtmoephefM. 

LoM<rf  Effect 
for 

n 

0.16 

0.01 

8 

0.16 

0.03 

4 

0.17 

0.04 

6 

0.17 

0.05 

6 

0.18 

0.05 

8 

0.19 

0.06 

10 

0.19 

0.07 

Ti^  then,  the  feed  water  is  heated  up  to  KW,  the  loss  of 
effect  by  reason  of  the  imperfection  of  the  cycle  process  is 
small,  especially  for  low  steam  pressures.  For  condensing  en- 
gines, in  which  the  back  pressure  is  about  -^oteai  atmosphere, 
in  which,  therefore,  the  feed-water  temperature  is  ^  =  46.2^, 
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the  loss  for  1^  atmospheres  is' 0.05,  and  for  10  atmospheres 
0.10.  Here,  then,  the  loss  of  effect  increases  with  the  pressure. 
In  the  following  tabulation  we  see  that  the  loss  of  effect  tji- 
creasea  laith  the  quantify  of  toater  in  the  steam.  The  engine  is 
assumed  non-condensing  and  working  with  steam  of  5  atmos- 
pheres. 

Bpeciflc  Bteam  Loss  of  effect  for  feed  water  tempentares. 

quantity.  ^  -  l^o  qqo  jqqo 

X  =  l  W  =  0.17  0.08  0.05 

a;  =  0.90  0.19  0.09  0.05 

cr  =  0.80  0.21  0.10  0.06 

We  see  from  both  tabulations  how  advantageous  it  is  to  use 
hot  feed  water.  This  is  confirmed  by  experiment.  The  waste 
gases  in  the  chimney  may  be  used  for  heating  the  feed.  But 
even  then,  the  loss  of  effect  for  high  pressures,  especially  when 
the  steam  contains  10  or  20  per  cent,  of  water,  is  considerable, 
so  that  it  becomes  a  question  whether  the  cycle  process  of  our 
present  steam  engines  can  be  so  altered  as  to  correspond  to 
that  of  a  perfect  steam  engine.  For  this  purpose,  we  should 
evidently  not  condense  all  the  steam  in  the  condenser,  but 
rather  so  much  should  remain,  that  by  adiabatic  compression 
this  remaining  steam  may  be  converted  into  water,  with  the 
already  condensed  steam,  at  the  boiler  temperature  (t).  Never- 
theless, the  preceding  discussion  shows  that  on  the  whole  the 
imperfection  of  the  process  is  smalL  The  other  losses,  as  that 
due  to  imperfect  expansion,  prejudicial  space,  etc.,  are  in  part 
greater,  at  least  the  loss  due  to  imperfect  cycle  is  but  a  small 
part  of  the  total  losses.  Accordingly,  it  is  by  no  means  correct 
as  Redtenbacher  asserts,  that  the  cycle  process  of  our  steam 
engines  is  exceedingly  imperfect,  and  that  therefore  some  other 
method  of  utilizing  the  steam  should  be  invented.  "  So  long 
as  the  fundamental  principles  of  the  mechanical  theory  of  heat," 
says  Zeuner,  "  are  regarded  as  correct,  so  long  we  can  regard 
the  cycle  process  of  our  steam  engines  as  quite  perfect,  and  if 
there  are  no  losses  of  work  greater  than  that  due  to  the  essen- 
tial imperfection  of  the  process,  we  need  not  search  for  im- 
provement in  the  steam  engine ;  at  any  rate,  in  those  engines 
which  use  saturated  steam.'* 


CaaAPTER  XXV. 

COMPLETE  CALCULATION  OF  THE  STEAM  ENGINE. 

Indicated  Delivery, — ^We  have  in  the  preceding  calcnlaied  the 
total  delivery,  or  that  obtained  by  the  cycle  process  of  the  or- 
dinary steam  engine,  when  we  disregard  the  work  required  for 
the  feed.  We  have  now  to  determine  more  exactly  the  work  of 
the  steam  in  the  cylinder,  not  only  with  reference  to  the  back 
pressure,  but  also  to  other  prejudicial  actions.  We  have  first 
to  calculate  the  work  which  the  steam  actually  performs  on  the 
piston.  Since  this  work  is  accurately  given  by  the  indicator 
diagram,  we  call  it  the  indicated  delivery  or  horse  power  of  the 
steam  or  engine.  In  these  calculations  we  shall  proceed,  of 
course,  from  the  principles  of  the  mechanical  heat  theory. 
Then  we  shall  show  how  the  prejudicial  resistances,  such  as 
piston  and  valve  friction,  that  of  fly-wheel  and  pumps,  etc.,  are 
to  be  determined.  Finally,  we  shall  show  how  to  determine 
the  dimensions,  the  consumption  of  fuel,  etc,  for  an  engine  of 
given  horse  power. 

Let  us  first  examine  more  closely  the  action  of  the  steam  in 
the  cylinder.  We  assume  an  engine  with  ordinary  slide  valve, 
moved  by  an  eccentric 

Jdion  of  the  Steam  in  the  Cylinder. — ^In  Figs.  94,  95, 96,  97,  and 
98,  AB  IB  the  cylinder,  CD  the  piston,  EF  the  slide  valve  box, 
I  a  portion  of  the  steam  pipe,  GH  the  slide  valve,  ab  and  cd 
the  steam  passages,  a  and  c  the  entrance  ports,  and  e  the  ex* 
haust  port,  through  which  the  steam  passes  either  into  the  air 
or  into  the  condenser.  In  Fig.  94,  the  piston  is  at  the  left  end 
of  its  stroke ;  the  port  a  is  already  a  litde  open,  and  steam  enters 
from  the  boiler  and  presses  upon  the  left  side  of  the  piston. 
This  steam  we  shall  call  the  ^*  driving  steam."    This  opening  of 

607 
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the  entrance  port  for  the  admisaion  of  ateam,  h^are  the  piston 
gets  to  the  end   of  its  stroke,  is  necessarj  for  smooth  mo- 
tion    of    the     engine. 
While  now  the  driTing 
steam  forces  the  pis- 
ton to  the  right,  the 
Talve    moves   also  .in 
the    same    direction, 
and    the    port    a     is 
opened    more   and 
more,  and  fresh  steam 
I  continoallj    enters. 
Finally  the  port  a  is 
fully  opened,  and  the 
valve  has  then  reached 
its    extreme    position 
tovards  the  right.    It 
then  begins  to  move 
towards  the  left,  and  thus  doses  a  more  and  more,  so  that  the 
steam  enters  with  increasing  resistance.    In  Fig.  95,  the  port  a 
is  completely  closed,  and  hence  no  more  steam  can  enter  behind 
the  piston.    Since  the  piston  has  not  yet  arrived  at  the  end  of  its 


stroke,  however,  the  driving  steam  mnst  now  act  expansively. 
Meanwhile  the  valve  still  goes  towards  the  left,  and  in  Fig; 
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96,  we  haTe  tlie  poaition  of  valve  and  piston  when  the  first  is 
abont  to  open  the  port  a  for  the  discharge  of  the  driving  steam, 
while  the 
seoond  is  not 
yet  at  the  end 
of  its  stroke 
towards  the 
right  Up  to 
this  moment 
we  have  ex- 
pansion of 
the  driving 
steam,  bnt  of 
conrse  not 
after.  This  is 

then     the 

.  ,     .  FiB.Be. 

point  of  re- 
lease, while  Fig.  95  is  the  position  where  expansion  begina 
Prom  this  point  on,  the  valve  opens  the  port  a  for  the  release 
of  the  steam.    The  driving  steam  flows  through  a,  b,  and  e  to 
the  condenser,  or  ont  into  the  air.     Fig.  97  shows  the  position 
of  piston  and  valve  when  the  port  a  is  tolerably  open  for  dia- 
cluu^,  while  the  piston  has  not  jet  arrived  at  4Jie  right  end  of 
itB  stroke. 
In  this  position  the  port  o  is  dosed.    While  now  the  piston 
still  moves  to- 
ward the  right 
and    the  valve 
toward  the  left, 
the    port    c  is 
opened  to  ad- 
mit steam,  and 
the  steam  en- 
i  ters   as   before 
it  did  in  Fig. 
94,  only  on  the 
ri^tsideof  the 
P,g  „  piston    instead 

of  the  left  The 
driTing  steam  is  now  on  the  lif^t  of  the  piston.    Thna  far  we 
39 
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have  confined  our  attention  to  the  left  side  of  the  piston  and 
hare  considered  the  action  of  the  diiving  steam.    Let  us  now 
see  how  the  back  pressnre  steam  acts.     This  steam  we  haye  in- 
dicated by  points  in  our  Figares,  while  the  driving  steam  is 
indicated  by  horizontal  lines.     Let  us  refer  again  to  Fig.  91 
We  see  here  that  the  port  c  is  tolerably  wide  open,  wider  than 
a,  and  hence  that  the  release  of  the  back  pressure  steam  to  the 
condenser  takes  place  before  the  admission  of  the  driving  steam. 
From  this  point,  as  the  valve  moves  to  the  right,  c  is  opened  more. 
It  is  fully  opened  when  the  slide  is  at  its  extreme  right  poai- 
tioo.     Fig.  96  shows  the  valve  returned  a  good  ways  toward  the 
left,  bat  still  in  communication  with  the  condenser.     The  steam 
in  the  cylinder,  on  right  of  piston,  has  then  the  pressure  of  th« 
atmosphere,  or  of  the  condenser.  Li  Fig.  97  the  port  c  is  closed, 
and  as  the  piston  still  goes  toward  the  right,  the  steam  is  com- 
pressed, becomes  hotter,  denser,  and  has  a  higher  pressoia 
For  this  compression  a  certain  work  is  necessary,  which  must 
be  deducted  from  the  total  delivery.     But  this  work  is  not  loet* 
since  now  less  fresh  steam  is  required  for  filling  the  space  back 
of  the  piston.     Experience  shows  that  this  compression,  or 
"  cnshioning,"  is  also  necessary  for  quiet  and  smooth  workiag. 
Fig.  98  shows  the  end  of  compression,  or  the  position  of  the 
valve  when  a  just  begins  to  open  for  the  admission  of  fresh 
steam   on  the  right 
The    action    of    the 
steam  just  described 
is    caused     by     two 
things,  the  "angle  <^ 
advance"      and      the 
"lap"    of    the    slide 
valve. 

A.t  first,  things  were 
BO  arranged  that  both 
ports  were  closed 
when  the  engine  was 
on  its  dead  points ;  in 
other  words,  when  the 
piston  was  at  either 
end  of  its  stroke. 

The  slide  was  then  in  its  central  position.     Such  a  relatitm 
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between  the  motion  of  the  Blide  and   piston  can  be  easily 
attained  hj  so  placing  the  eooentrio  disc  that  the  line  joimng 
its   center  with  the   center  of  the  shaft  makes  an  angle  of  90° 
with  the  line  joining  the  dead  points.      If  thas  B  and    C, 
Fig.  99,  are  the 
dead  points  for 
a  horizontal  cy- 
linder, the   eo- 

centrio    disc  8        

must    be    so 

placed    on   the  y^  ^ 

shaft    D,    that 

BE  makes  an  angle  of  90°  with  BC.  In  this  case  both  ports 
would  be  folly  opened  when  the  piston  is  in  the  middle  of  its 
stroke,  if  the  connecting  rod  were  infinitely  long.  Even  for 
moderate  lei^^  of  this  rod,  the  same  is  nearly  trae.  Since 
now,  in  our  present  arrangement,  we  wish  both  ports  to  be 
open  when  the  piston  is  at  either  end  of  its  stroke,  the  valve 
most  be  beyond  its  central  position.  This  is  attained  by  fixing 
the  disc  on  the  shaft  so  that  DE  makes  more  than  90°  with  BC. 
This  increase  of  th&  angle  of  90°  is  the  "  angle  of  advance." 
The  angle  of  advance,  then,  is  the  angle  made  by  the  eccen- 
tricity with  the  perpendicular  to  the  valve  face  when  the  pis- 
ton is  at  a  dead  point 

If  now  the  steam  is  regnired  to  act  in  the  cylinder  with  a 
certain  expansion  and  compression,  we  must  have  the  following 


arrangement  We  make  the  slide  so  long  that  in  its  central 
position  it  laps  over  the  ports  by  a  certain  amount  on  each 
side.  The  amount  which  it  exceeds  the  port  on  the  outside  is 
called  the  "ojifmde  Jap,"  and  on  the  inside,  the  "inaidelap' 
As  it  is  more  advant^eoos,  as  has  been  pointed  out,  for  the  re- 
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lease  of  the  steam  to  take  place  somewhat  earlier  than  the 
admission,  the  outer  lap  is  always  greater  than  the  inner. 
Thus  ab  and  cdj  Fig.  100,  are  the  outer  laps,  and  ef  and  gh  the 
inner,  or  they  are  the  distances  by  which  the  yalve,  when  in 
its  central  position,  extends  beyond  the  ports. 

For  this  central  position  of  the  yalve  the  center  d  of  the  ec- 
centric disc  must  be  in  the  perpendicular  cd  to  6&  I^  now, 
when  the  piston  is  at  the  left  end  of  its  stroke,  the  port  for  the 


Fio.  101. 


admission  of  steam  on  the  left  is  to  be  opened  a  little,  the  point 
d  must  be  somewhere  to  the  right,  say  at/.  If  the  oonecting 
rod  and  eccentric  rods  are  very  long,  the  travel  of  the  yalye 
toward  the  right  is  approximately/?. 

The  angle  dcf  is  the  angle  of  advance.  If  we  wish  to  know 
how  far  the  piston  is  from  the  left  end  of  its  stroke,  when  the 
valve  has  its  central  position,  we  have  only  to  lay  oflf  the  angle 
hch  =  dc/y  and  let  fall  hi.  Then  bi  is  the  distance,  if  &c  =  oe  is 
the  angle  of  the  crank,  or  the  half  stroke  of  the  piston. 

Let  the  angle  of  advance  dcf  =  o',  and  the  eccentricity  cd^ 
that  is  the  distance  of  the  eccentric  disc  from  the  center  of  the 
shaft  be  />,  then 

gf  =  p  sin  Of, 
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If,  now,  the  outer  lap  aft  =  od  =  ai,  and  the  "  fead,"  or  the 
opening  of  the  port,  when  the  piston  is  at  the  end  of  its  stroke, 
is  6iy  we  have 

2^  =  ai  +  6i  =  psinar. 

In  general,  for  horizontal  engines,  Oi  =  0.25^,  or  \  of  the  eo- 
oentricity,  and  hi  =  ^p,  hence 

(0.25  +  0.1)  /)  =  />  sin  ^, 
or 

sin  a  =  0.35,    or    t^  =  20°  80'. 

If  farther,  the  inner  lap  ef—gTiiBa^^  the  opening  of  the  port^ 
when  the  piston  is  at  the  end  of  its  stroke,  for  the  release  of 
the  steam,  oi^the  inside  leady  is  b^,  we  have 

a2  +  Jsi  =  p  sin  a  =  0.35p. 

If  we  make  the  inside  lap  a,  =  0.05p,  that  is  -^th  of  the  out- 
side lap,  we  have 

0.05p  +  J^  =  0.35p,    or    i^  =  0.30p. 

Hence  the  port  is  opened  for  discharge  three  times  as  much 
as  for  entrance,  when  the  piston  is  on  dead  point 

We  can  now  easily  find  the  angle  ct^  or  0%  through  which  the 
center  of  the  eccentric  disc  must  turn,  in  order  to  open  the 
port  for  entrance  or  discharge.    For  the  first, 

p  sin  cti  =  a^    or    sin  ^i  =  — , 

P 

or  inserting  value  of  a^  viz.,  0.25p, 

sin  ai  =  0.25,     or     a^  =  14°  29'. 

Further,  p  sin  a,  =  o^,    or    sin  o^a  =  —  =  -^ — -  =  0.5,  or 

Oi  =  2°  52'. 

The  eccentric  has  to  turn  but  a  little,  therefore,  from  its  cen- 
tral position,  in  order  to  open  the  port  for  discharge. 
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If  the  piston  is  at  the  left  end  of  its  stroke,  the  end  of  the 
orank  is  at  6,  or  at  one  dead  poini  If  now  h  passes  through 
the  arc  bk^  we  can  easily  find  the  travel  of  the  piston.  Since 
the  connecting  rod  is  very  long  compared  to  the  eccentricity, 
this  travel  is  62,  and  since  cb  is  half  the  stroke,  or^«, 

K  =  6c— cZ  =  ^  —  g- cos  ^  =  o  (1  ""  ^5os <p). 

A       A  A 

For  (p  =  W,  cos  ^  =  0  and  the  travel  is  -^.    For  <p  =  180', 

COS  9?  =  —  1,  and  -^  (1  —  (  —  1))  =  a    (Generally  the  travel  of 

A 

the  piston  x  lor  any  angle  of  the  crank  is 

a?  =  -^  (1  —  cos  (p). 

When  the  crank  is  tamed  throngh  the  arc  (p  from  its  dead 
point,  the  eccentricity  makes  the  angle  oc  -k-  q)  with  dc,  and  the 
travel  w  of  the  vialve  is 

II?  =  p  sin  (a  +  (p). 

This  travel  is  positive  when  the  motion  of  the  slide  is  in  the 
same  direction  as  that  of  the  piston,  otherwise  it  is  negative. 

1.  Travd  of  the  Piston  up  to  the  End  of  Admission  or  to  the 
Beginning  of  Expansion, — Let  this  travel  ^i  be  a  portion  Ci  of  «, 
so  that 

We  wish  to  find  ei.  The  entrance  of  steam  ends  when  the  end 
a  of  the  valve  returns  to  b  again,  on  the  back  stroke.  Before 
the  port  begins  to  open,  the  valve  mnst  pass  through  the  dis- 
tance oft  =  Oi,  or  the  eccentricity  through  the  angle  den  =  a^. 
If  we  let  fall  from  u  a  perpendicular  to  be  and  prolong  it  to  o, 
oc  is  the  position  of  the  eccentricity  when  the  valve  again  closes 
the  port  The  eccentric  revolves  then,  from  beginning  of 
admission  to  cut-off,  through  npo  =  180  —  2fl'i.  The  crank,  of 
course,  goes  through  the  same  angle.  But  when  the  eccen- 
tricity is  at  n,  the  crank  makes  an  angle  with  boot  a  —  a^.    If 
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we  denote  the  rest  of  the  aro  through  which  the  crank  must  go 
by  y,  we  have 

a  —  flTi  +  y  =  180  —  20^1,     or 

y  =  180  -  (a  +  ^i). 
If  we  insert  this  in  the  equation  of  the  travel  of  the  piston, 

ei«  =  ^  (1  +  cos  {a  +  a^\  hence 

_  1  +  cos  {a  +  flTj) 
ei 2 • 

Since  a  =  20°  30',  a^  =  14°  29',  we  have  e^  =  0.910.  The  ad- 
mission of  steam,  therefore,  ceases  when  the  piston  has  passed 
throogh  0.91  of  its  stroke.    Expansion  then  begina 

2.  Travd  of  the  Piston  up  to  the  Beginning  of  Compreeaionf  or 
the  End  of  Belease. — ^The  compression  begins  when,  on  the  re- 
turn of  the  valve,  the  comer  g  meets  h.  The  valve  is  then  dis- 
tant gh  from  its  centre  position,  and  the  eccentricity  makes  the 
angle  0^3  with  cq.  From  d  then  it  makes  the  angle  180  —  a^ 
The  crank  has  passed  through  the  same  angle  from  h  or  from 
b  through 

180  -  a,  -  a  =  180  -  (a  +  a,). 

But  cos  [180  —  (a  +  or,)]  =  —  cos  (ac  +  ar,), 

and  denoting  the  travel  up  to  beginning  of  compression,  by 

^  =  ^  =  aj  =  |[l  +  oo8(a  +  flr,)],  or 

_  1  +COS  (a  +  Cfj) 

^-  2  • 

If  we  put  for  a  and  cr^  the  numerical  values, 

^  =  0.969. 
This  position  of  the  piston  is  shown  in  Fig.  97. 
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3.  Travd  of  the  Pist^m  up  to  the  End  of  Expansion  or  to  the 
Point  of  Rdecbse, — The  expansion  ends  when  the  valve  has 
moved  so  £ar  towards  the  left  that  /  coincides  with  e.  The 
valve  has  then  moved  towards  the  left  ef  from  its  central  posi- 
tion. Since  ef  corresponds  to  the  angle  a^  the  eccentricity 
makes  this  angle  to  the  left  of  q.  Beckoned  from  d^  the  angle 
is  180  +  ^2*  The  crank  has  made  the  same  angle,  reckoned 
from  Ay  or  from  b  it  makes 

180  -h  o'a  -  «  =  180  -  (a  -  ot^. 
If  the  travel  in  the  present  case  «a  =  62^9  we  have 


and 


«j  =  ^  =  -  [1  +  co8(a -  fl'a)]. 


1  4-  cos  {a  —  a^ 
^  = 2  • 


Inserting  the  numerical  values, 

C  =  0.977. 

Since  expansion  begins  at  0.910,  the  duration  of  expansion  is 
0.977  -  0.910  =  0.067  of  the  entire  stroke. 

The  position  of  valve  and  piston  in  this  case  is  shown  in 
Fig.  96. 

4  Travd  of  the  Piston  up  to  the  End  of  Compression  of  the  Back 
Pressure  Steam,  or  up  to  the  Admission  of  Driving  Steam. — ^The 
compression  ends  when  the  point  d  of  the  valve  coincides  with 
c  The  valve  has  then  moved  cd  from  its  central  position  to- 
wards the  left  The  eccentricity  makes  the  angle  (ri  with  g,  or 
180  +  ai  with  d,  hence  the  crank  makes  from  b  the  angle 

180  +  ^1  -  a  =  180  -  (a-  ^1). 

The  travel  of  the  piston  up  to  the  end  of  compression  is  then 

«4  =  645  =  05  =  ^  [1  +  COS  (nr  —  rt-i)],  or 

__  1  4-  COS  (nt  —  ar^) 
C4- "2 . 
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Insertmg  the  nnmerical  yalnes,  e^  =  0.997. 

The  piston  has  then  only  a  very  small  distance  to  go  to  its 
dead  point.     This  position  is  shown  in  Fig.  98. 

Since  for  the  beginning  of  compression  e^  =  0.959^  and  for  the 
end  64  =  0.997,  the  entire  compression  is 

0.997  -  0.959  =  0.038  of  the  stroke,  or  about 

half  as  great  as  the  expansion.  We  see  also  that  the  compres- 
sion begins  later  and  ends  later  than  the  expansion.  It  is  in- 
dispensable for  smooth  motion  of  the  engine. 

The  fraction  ei  of  the  entire  stroke  8y  which  is  filled  with 
boiler  steam,  is  the  "  coefficient  of  filL"  For  the  usual  propor- 
tions as  given,  it  is  0.91.  This  value  may  be  regarded  as  a 
maximum.  If  the  engine  has  a  special  expansion  valve,  Ci  is 
less,  but  the  other  quantities  e^,  e^  and  64  are  as  above. 

Steam  Vdume  per  Strolce — Degree  of  Eoopansioii  and  Comprea-' 
stork — ^If  the  area  of  the  piston  is  F  square  meters,  the  volume 
of  the  entire  stroke  is  Fa  cubic  meters,  and  this  would  be  the 
volume  of  steam  used  per  stroke  if  the  steam  entered  during 
the  entire  stroke  ;  since,  however,  the  steam  enters  during  ei^, 
we  have  for  the  volume  of  steam  used 

FeiS  cubic  meters. 

Moreover  the  piston,  when  at  the  end  of  its  stroke,  does  not 
reach  the  cylinder  cover,  but  there  is  a  space  between,  filled 
with  steam.  Also  the  steam  passages  must  each  time  be  filled. 
In  full  pressure  engines  both  these  steam  quantities  contribute 
almost  nothing  to  the  work.  This  space  is  hence  called  the 
** prejvdicial  space.^*  In  expansion  engines  these  steam  quan- 
tities take  part  in  the  expansion,  and  hence  for  the  same  degree 
of  expansion  the  pressure  in  the  cylinder  sinks  less  than  when 
there  is  no  prejudicial  space,  while,  during  the  full  pressure 
period,  the  steam  in  this  space  performs  no  work.  Thus  the 
prejudicial  space  increases  indeed  the  delivery  of  expansion 
engines,  but  not  in  the  ratio  of  the  increased  consumption  of 
steam,  and  hence  an  engine  with  a  prejudicial  space  has  a  less 
efficiency  than  without 

Let  the  prejudicial  space  be  a  fraction  e  of  the  cylinder  vol- 
ume.   Then  its  volume  is  Fea  cubic  meters. 
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If  now  steam  enters  daring  the  entire  stroke,  the  steam  used 
is 

Fes  +  jP«  =  iT?  (1  +  e)  cubic  meters. 
In  reality,  however,  we  have 

Fea  +  Fe^a  =  iT?(e  +  ei). 
The  steam  volume  at  the  end  of  expansion  is 

« 

Fea  +  Ftsfi  =  i^tf  (e  +  <^. 
Hence  the  **  degree  of  eocpanaum  "  is 

£j  = . 

e  +cii 

At  the  moment  when  communication  is  closed  with  the  con- 
denser or  air,  the  inclosed  steam  volume  of  the  condenser  or  air 
pressure  is 

Fa-{-  Fea- Fe^  =  (1  +  c - ^) iT?. 

At  this  moment  compression  begins.  At  the  end  of  compres- 
sion, the  inclosed  steam  volume  is 

Fa-{-  Fea  —  Fe^?  =  (1  +  e  —  c^)  JFi. 

Hence  the  "cfegrree  of  compreaaion^^  is 

In  the  ordinary  slide  valve,  we  have  e  about  0.05,  that  is,  the 
prejudicial  space  is  i^  of  the  entire  cylinder  volume.  In  this 
case  the  steam  passages  are  about  half  the  length  of  the  cylin- 
der. In  expansion  engines  with  two  slides,  we  have  e  =  0.07  to 
0.075.  If  the  passages  are  very  short,  as  in  the  Oorliss  engine, 
where  the  prejudicial  space  is  only  that  between  piston  and 
cylinder  cover,  e  =  0.02. 
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What  is  the  degree  of  ezpansion  when  the  steam  is  out  oil  at  half  stroke  ? 
If  we  take  «  =  0.070, 


_   0.070  4-  0. 5   _  0^70  _  ^ 
*'  ~  0.076To:977  "  1.047  "  ^'^^ 


Work  of  the  Driving  Steam, — This  work  in  every  engine  oon- 
gists  of  two  parts ;  the  one  is  the  action  of  the  full  pressure 
steam,  the  other  is  that  of  the  expanding  steam.  If  j>i  is  the 
pressure  of  the  fall  steam,  we  have  for  its  work 

If  we  assume  that  daring  expansion,  the  steam  follows  the 
law 

we  have  for  the  work  daring  expansion 


^  t  -  (i)-"*  ] . 


where  v  is  the  specific  steam  volnme  at  the  beginning  of  ex- 
pansion. If  the  engine  uses  per  stroke  0  kilograms  of  steam, 
and  if  the  volume  of  this  weight  before  expansion  is  V  and 
after  Vy  we  have  for  the  expansion  work 


^=i^i[-(;r]- 


The  value  of  n,  varies,  as  we  have  seen,  and  depends  upon 
the  amount  of  water  in  the  steam.  On  an  average  we  can  put 
111  =  1.125,  when  the  steam  is  taken  directly  from  the  boiler. 
I^  however,  the  steam  is  heated,  or  even  superheated,  before 
it  enters  the  cylinder,  Ui  may  be  greater.  According  to  Gras- 
ho^  we  can  take  n,  =  1.333,  when  the  steam  is  still  dry  after  ex- 
pansion, when,  therefore,  no  steam  condenses  during  expan- 
sion. 
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As  to  the  value  of  ^,  it  is  to  be  taken  somewhat  less  in  find- 
ing the  expansion  work,  when  the  cut-off  is  worked  by  an 
ordinary  eccentric,  because  in  such  case  the  cut-off  is  gradual 
We  have,  therefore, 

where  Pi  is  a  proper  fraction,  which  we  can  take  about  0.95. 
In  Oorliss  engines,  where  the  ports  are  suddenly  closed,  p  =  \ 
and|>i  has  its  full  value.     In  engines  with  large  piston  velocity, 
P  must  be  taken  much  less  than  0.95. 
The  steam  volume  V  before  expansion  is 

F=  Fea  +  Fe^a  =z,F8  (e  +  eO, 
and  the  volume  Vi  after  expansion  is 

Fi=  F€8+  Fe^  =  F8(e  +  e^). 

If  we  insert  these  values  in  the  above  expression  for  L^,  and 
put2>i  =  /3pi,  we  have 

or  putting  the  degree  of  expansion —  =  e^ 

h^p,p,F8{e^e,)^~''^^'~\ 

Til  —  •*• 

If  we  put 

we  have 

L^-liPiFa. 

The  expansion  ends  before  the  piston  arrives  at  the  end  of 
its  stroke.  Then  the  exhaust  opens,  and  the  pressure  sinks 
rapidly  to  that  of  the  condenser  or  of  the  atmosphere.  If  in 
this  case  the  mean  pressure  is  p^  we  have,  while  the  piston 
passes  through  s  —  «„ 

A  =  i^(«  -  8^p^  =  J^«  (1  -  C)  JJj. 
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Hence  the  total  work  of  the  driving  steam  iB 

A  +  A  +  A  =  Fsip^  +  Aj^  Fa  +  i^«(l  -  e^p^ 

=  ^PiFa  +  \piF8  +  iTj  (1  -  c)^ 
=  [(ci  +  Ai)^  +  (1  -  £^)ft]  i?i. 

FTori  of  {he  Bach  Pressure. — ^We  must  subtract  from  the  work 
just  found  that  of  the  back  pressure.  Let  the  mean  pressure 
during  the  travel s^hep^  then 

A  =  Fsip^  =  Fse^p^ 

Now  compression  begins.    Let  the  law  be 

The  value  of  n^  like  that  of  %,  can  only  be  determined  by 
exact  experiments.  Li  the  average  n^  =  1.15  (Grashof  s  Be- 
Bultate  der  mechanischen  Warmetheorie).  The  pressure  at  the 
beginning  of  compression  is  somewhat  greater  than  p^  In 
general  we  can  take  it  fizp^  where  p^  =  1.05.  If  now  we  denote 
the  volume  at  the  beginning  of  compression  by  v^  and  at  the 
end  by  v^^  we  have  for  the  work  of  resistance  during  com- 
pression 

But    vt  =  F8{1  +  e  —  e^    and    Vt  =  F8{l  +  e  —  ««),  hence 

■^  = n,^l LVl+e-J       ~^J' 

Since  the  quantity  in  parenthesis,  the  degree  of  compression, 
isfj, 

L,  =  /!f,p,Fs{l  +  e-e,)''^"^  ^^  . 
If  we  put  here 

Zg  =  ^tPiFa. 
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When  compression  is  ended,  the  piston  has  not  reached  the 
end  of  its  stroke,  but  has  still  to  go  «  —  94.  While  it  goes  this 
distance,  steam  enters  from  the  boiler,  and  the  pressure  is  on 
the  average  greater  than  the  mean  pressure  of  the  driving 
steam,  especially  in  high  piston  speed.    Let  it  be  J94,  then 

U^F{b-  «4)i>4=  Fb  (1-64)^4. 
The  total  work  of  the  back  pressure  is  then 

£4  +  A  +  A=  F%etp^  +  Fb\'p^  +  jP«  (1  —  C4)jp4 

=  J?%[^(C8  + A,)  +jp4(l-e4)]. 

If  we  subtract  this  from  the  work  of  the  driving  steam,  we 
have  the  indicated  work  per  stroke,  that  is,  without  reference 
to  friction,  working  of  pumps,  etc     Let  this  be  £«,  then 

Li  =  Fb  [^  (ei  +  Aj)  +  (1  -  e,)^-jft  (^  +  Ag)  -^4  (1  -  t^\ 

Since  the  value  of  jt>4  for  ordinary  stationary  engines,  es- 
pecially when  not  moving  rapidly,  is  but  little  different  from j9i, 

Ii,=  i^«[|)i(ei+Ai  +  e4-l)  +  (l-cij)pi~  (6i,  +  A.) jpij]. 

As  to  the  mean  pressure  p^  from  b^  to  «,  or  through  b  —  b^  this 
depends  upon  the  pressure  at  the  end  of  expansion.  But  this 
depends  upon  the  coefficient  of  fill  ei  of  the  cylinder.  The 
greater  this,  so  much  the  greater  is  j^^y  other  things  being  the 
same.  Further,  'p%  depends  upon  the  manner  in  which  the  port 
is  opened  for  discharge.  If  opened  quickly,  p%  is  less;  if 
slowly,  p^  is  greater.    Qrashof  gives 

where  p^  is  the  mean  back  pressure.    Under  ordinary  circum- 
stances A.  =  0.80. 
If  we  insert  this  value  otpi,  we  have 

i,  =  J^«  [j>i  (Ci  + Ai+e4 - 1)  +  (1-ea)  (Acift +jp8-ApB)--ft  («i  + A,)]. 

If  we  divide  this  by  Fb,  we  have  for  the  mean  effective  press- 
ure 

^  =Pi  =  Pi{ei  +  Xi  +  ^4-1)  +  (1-^)  (Acj^  +Jft-''Vft)-ft 

(e«  +  A,). 
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If  for  brevity  we  put 

ei  +  Aj  +  64  —  1  +  Aei  (1  —  e^)  =/i    and 

^  +  Ag  —  (1  —  A)  (1  —  C2)  =/&    we  have 

Hence  the  indicated  work  per  stroke  is 

L,  =  Fsp,  =  Fa  {pj,  -  pj;). 
If  ^  is  given  in  atmospheres,  then 

Ih  =  10334  jPfip,  =  10334R?  (pj^  -psfi)* 

VcHuea  ofpy  px  andp^ — The  pressure  pt  in  the  cylinder  can  be 
very  different  from  the  pressure  p  in  the  boiler.  This  depends 
upon  how  wide  the  valve  in  the  steam  pipe  is  open,  as  also  the 
throttle  valve ;  also  upon  the  cross-section  and  length  of  the 
Bteam  passages  in  comparison  with  the  piston  speed,  which  we 
shall  denote  by  c;  upon  the  curves  and  bends  of  the  steam 
pipe ;  upon  its  length  and  radiation.  If  the  steam  pipe  is  com- 
pletely opened,  and  the  passages  have  the  required  cross-sec- 
tion, the  mean  pressure  in  the  cylinder  during  admission  varies 
but  little  from  the  boiler  pressure.  In  other  cases  the  differ- 
ence may  be  considerable.  An  exact  calculation  of  this  differ- 
ence of  pressure,  from  the  diameter  of  the  partially  opened 
steam  pipe,  the  cross-section  and  length  of  the  passages,  etc.,  is 
indeed  hardly  practicable.  It  is  evident  that  in  calculating  the 
delivery  we  must  have  regard  to  the  cylinder  pressure,  and 
when  we  wish  an  exact  determination  of  the  delivery,  we  must 
find  this  pressure  by  the  indicator.  A  long  and  narrow  steam 
pipe,  with  bends  and  angles,  and  not  protected  from  radiation, 
can  make  the  pressure  in  the  valve-box  less  than  the  boiler 
pressure.  We  must  give  to  this  pipe  either  the  same  or  a  some- 
what less  cross-section  than  the  steam  passages. 

The  cross-section  of  these  last  depends  not  only  upon  that  of 
the  cylinder,  but  also  upon  the  mean  piston  speed  c  Through 
these  passages  the  same  amount  of  steam  must  pass  in  a  certain 
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time  as  the  cylinder  uses.  Since  the  velocity  of  the  steam  is 
considerable,  we  can  make  the  cross-section  of  the  passages 
less  than  that  of  the  cylinder.  But  steam,  when  it  flows  through 
relatively  narrow  passages,  experiences  a  great  loss  of  velocity, 
which  may  be  quite  considerable  when  the  valve  nearly  closes 
the  parts.  For  a  mean  piston  speed  of  1  meter,  experience 
gives  for  the  cross-section  of  the  canals  ^V^  of  that  of  the  pis- 
ton. In  this  case  the  steam  pressure  in  the  cylinder  remains 
constant  during  the  entire  admission.  If  then  the  cross-section 
of  the  steam  passages  is/,  and  that  of  the  cylinder  is  F^  we  have 

We  can  further  assume  that  the  resistance,  for  the  same 
cross-section,  increases  with  the  velocity ;  that  for  2,  3,  •  •  •  c 
meters  velocity,  it  is  2,  3,  •  •  •  c  times  as  great.  In  order,  then, 
to  have  only  the  same  resistance  as  for  1  meter,  we  must  make 
the  passages  2,  3,  •  •  -  c  times  as  wide.    Hence 

/-^ 

From  this  formula  we  have  the  following  tabulation 

CBOSS-SECnON  OF  STEAK  PASSAGES. 

Piston  speed  \ 

in  V  =  1        1.2        1.5        2        3        4        6 

meters      ) 

/=1      i       A      Jl      i-li 

F      30       25        20       15       10      7.5      6 

Engines  with  high  piston  speed,  as  locomotives,  require 
therefore  wide  steam  passages.    Thus  for  c  =  2.3  meters, 

F  =  ^^^-^=^'*^^^°"''  =  ^-^#  =  ^^^-^  =  9!7- 

If  the  steam  passages  are  calculated  for  a  certain  piston 
speed,  and  we  let  the  engine  work  more  rapidly,  the  pressure 
in  the  cylinder  is  less  than  in  the  valve  box,  and  especially  in 
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engines  working  with  little  expansion,  the  indicator  wiU  show 
a  noticeable  fall  of  pressure  near  the  middle  of  the  stroke,  be- 
cause here  the  velocity  of  the  piston  is  greatest 

In  the  calculation  of  projected  engines,  we  must  consider  the 
pressure  pi  in  the  cylinder  aa  given,  and  consider  the  boiler 
pressure  aa  always  somewhat  greater.  In  engines  which  are 
required  to  give  great  delivery,  the  boiler  pressure  must  be 
taken  still  greater.  It  is  different  with  the  mean  pressure  p^ 
of  the  back  pressure  steam.  This  is  not  given  in  advance. 
I^  however,  the  steam  passages  are  proportioned  as  above, 
we  have  for  stationary  engines 

a,  when  non-condensing,  jp^  =  1.15  atmospheres ; 
hf  when  condensing,  p^  =  0.2  atmospheres. 

Locomotives  which  have  a  blast  pipe,  may  have  pg  =  1.15 
to  1.27  atmospheres. 

Shorter  Form/or  the  Eapressiona  fi  and  i^ — ^The  quantities  e, 
e^  e^  and  €4  are  constant  so  long  as  the  angles  of  advance  and 
the  laps  remain  the  same.  Also  /S^  ti^  and  A  are  to  be  regarded 
as  constant.  We  can,  therefore,  give  to  the  expressions  in 
which  these  quantities  occur,  a  simpler  form. 

Thus  we  have  found 

_1  4-c-^ 

l  +  e-e* 

Since  now  e  =  0.05,  Cg  =  0.959,  and  e^  =  0.997, 

_  1  +  0.05  -  0.959  __  091  _  -  -.- 
** ""  1  +  0.05  -  0.997  "  0.53  ~     '  '• 


Also  fig  =  LOS,  and  n^  =  1.15,  hence 


A>=Aa+g-g«)  \^i 


^e.)'£Ll:zl^o. 


053a 


Since  X  can  be  taken  0.8, 


=  0.969  +  0.0588  -  (1  -  0.8)  (1  -  0.977)  =  1.0082. 
40 
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"^Filially, 
/j  =  ei+A,+e4-l+Aei(l-^)  =  ei+Ai+0.997-l+0.8ei  (1-0.977) 
=  1.0184ei  +  Ai  -  0.003. 

Shortest  Form  of  the  Fcyrmvlafor  the  Indicated  Delivery. — The 
formula  already  found  for  the  effective  pressure  pi  becomes 
now 

•W'=Pi  =i>i(L0184e,  +  Ai  - 0.003)  -^  x  L0082, 


or 


A  =  Fspt  =  Fa  Ipi  (1.0184ei  +  Ai  -  0.003)  -  1.0082p^], 


where  pi  and  p^  are  the  pressures  in  kilograms.  '  If  pi  and  p^  are 
given  in  atmospheres, 

i,  =  10334i^«  [pi  (1.0184ei  +  A, — 0.003)  -  1.0082pi]. 

So  soon  then  as  we  know  for  any  engine  (which  must  have 
the  assumed  angle  of  advance,  etc.),  the  coefficient  of  fill  ei  and 
^u  we  can  find  A.    Also,/i  =  LOlsici  -h  A^  -  0.003. 

Grashof,  in  his  ^'Besultaten  der  mechanischen  Warmetheorie," 
has,  found  ft,  Ai,/i  for  different  values  of  e^,  as  given  by  the 
table  below.  The  table  also  contains  A^i^S  which  gives  the 
pressure  P\Pi^\^^  at  the  end  of  expansion. 


«1 

«i 

Ai 

A 

/Ji«i*t 

0.1 

0.1628 

0.2627 

0.3615 

0.123 

0.15 

0.2100 

0.2968 

0.4461 

0.164 

0.3 

0.2578 

0.8199 

0.5206 

0.207 

0.25 

0.8055 

0.8851 

0.5867 

0.250 

0.8 

0.8533 

0.3428 

0.6458 

0.295 

0.85 

0.4010 

0.3444 

0.6978 

0.340 

0.4 

0.4488 

0.8404 

0.7448 

0.386 

0.45 

0.4065 

0.8312 

0.7865 

0.482 

0.5 

0.5448 

0.8171 

0.8233 

0.479 

0.55 

0.5020 

0.2987 

0.8558 

0.527 

0.6 

0.6898 

0.2765 

0.8845 

0.575 

0.65 

0.6875 

0.2501 

0.9091 

0.623 

0.7  * 

0.7858 

0.2206 

0.9305 

0.672 

0.75 

0.7880 

0.1876 

0.94B4 

0.721 

0.8 

0.8808 

0.1514 

0.9631 

0.771 

0.85 

0.8785 

0.1119 

0.9745 

0.821 

0.0 

0.9268 

0.0700 

0.9886 

0.873 

0.91 

0.9358 

0.0618 

a9855 

0.883 
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From  these  values  the  values  of  pi  in  the  following  tables 
are  calcnlated  for  different  values  of  e^  and  px.  The  first  table 
applies  to  non-condensing  engines,  the  other  to  condensing. 
In  the  first,  the  mean  back  pressure  pz  is  1.1 ;  in  the  other,  0.2 
atmospheres.    Cases  in  which  ftipi^i^  <  p^  are  excluded. 


Pt  FOB  NON-GONDENSnrO  ZSQVSWB 


e,  = 


«1  = 


i>i=8 

l»i  =  4 

l^i  =6 

Pi=6 

Pi  =7 

J>i=8 

p,  =9 

0.1 

.... 

.... 

.... 

.... 

■  ■  •  • 

2.145 

0.16 

. .  • . 

.... 

.... 

2.014 

2.460 

2.906 

0.2 

.... 

. « « • 

2.016 

2.586 

8.066 

8.677 

0.25 

.... 

1.826 

2.411 

2.998 

8.586 

4171 

0.8 

1.472 

2.118 

2.768 

8.408 

4054 

4699 

0.85 

1.682 

2.880 

8.078 

8.776 

4474 

6.171 

0.4 

1.126 

1.870 

2.616 

8.860 

4106 

4860* 

6.694 

0.45 

1.261 

2.087 

2.824 

8.610 

4.897 

5.183 

6.970 

0.5 

1.861 

2.184 

8.008 

8.881 

4664 

6.478 

6.801 

0.55 

1.469 

2.814 

8.170 

4026 

4882 

6.788 

6.698 

0.6 

1.545 

2.429 

8.814 

4.198 

5.068 

5.967 

6.862 

0.65 

1.618 

2.628 

8.487 

4.846 

5.265 

6.164 

7.078 

0.7 

1.688 

2.618 

8.644 

4.474 

5.405 

6.886 

7.266 

0.75 

1.786 

2.685 

8.688 

4.582 

6.580 

6.478 

7.427 

0.8 

1.780 

2.744 

8.707 

4.670 

6.688 

6.696 

7.559 

0.85 

1.815 

2.789 

8.764 

4.788 

5.718 

6.687 

7.662 

0.9 

1.842 

2.826 

8.809 

4.798 

5.776 

6.760 

7.744 

0.91 

1.848 

2.888 

8.819 

4.804 

5.790 

6.776 

7.761 

Pt   FOB  002n>BinnNG  BNGINBB. 

p^  =  1.6 

p,  =2 

p,  =  2.6 

Pi  =8 

P.=4 

Pi  =6 

Pi  =  6 

0.1 

•  •  •  • 

0.621 

0.702 

0.888 

1.244 

1.606 

1.967 

0.15 

0.468 

0.691 

0.914 

1.187 

1.683 

2.029 

2.475 

0.2 

0.679 

0.840 

1.100 

1.860 

1.881 

2.401 

2.922 

0.25 

0.678 

0.972 

1.266 

1.658 

2.145 

2.782 

8.819 

0.8 

0.766 

1.089 

1.412 

1.734 

2.880 

8.026 

8.670 

0.85 

0.845 

1.194 

1.648 

1.892 

2.690 

8.287 

8.985 

0.4 

0.916 

1.288 

1.660 

2.088 

2.778 

8.522 

4267 

0.45 

0.978 

1.871 

1.765 

2.168 

2.944 

8.781 

4517 

0.5 

1.088 

1.445 

1.857 

2.268 

8.092 

8.915 

4788 

0.55 

1.082 

1.610 

1.988 

2.866 

8.222 

4077 

4988 

0.6 

1.125 

1.667 

2.010 

2.462 

8.886 

4221 

6.105 

0.65 

1.162 

1.617 

2.071 

2.626 

8.485 

4844 

6.268 

0.7 

1.194 

1.669 

2.126 

2.590 

8.520 

4451 

5.881 

0.75 

1.221 

1.605 

2.169 

2.644 

8.692 

4540 

6.489 

0.8 

1.248 

1.726 

2.206 

2.688 

8.661 

4614 

5.677 

0.85 

1.260 

1.747 

2.286 

2.722 

8.696 

4671 

5.646 

0.9 

1.274 

1.766 

2.267 

2.749 

8.788 

4716 

4700 

0.91 

1.277 

1.769 

2.262 

2.765 

8.740 

4726 

6.711 
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From  these  two  tables  we  can  take  the  mean  effective  press- 
ure for  different  coefficients  of  fill,  and  then  can  find  the  indi- 
cated work  per  stroke  from  the  formula^ 

Li  =  10334  Fspi . 

If  ^  is  the  number  of  revolutions  per  minute,  and  hence  2tt 
the  number  of  strokes,  the  indicated  work  per  second  is 

2uLi  _  10334  X  2upiF8 
60   ^  60 

or 

-HTT-  =  10334^<  Q^  Fa  meter-kilograms. 

In  horse  powers 

,7.         wA  10334         „ 

^*=3(nr76  =  3o^r75^^'^*- 

Since  the  engine  makes  in  1  minute  2u  strokes,  and  each 
stroke  is  s  meters  long,  the  distance  passed  over  by  the  piston 
per  minute  is  2u8  meters,  and  in  one  second 

"60"- 80 

This  is  therefore  the  mean  velocity  c  of  the  piston. 
We  have  then  0  in  place  of  ^ ,  and 

,^      10334     3^ 


Example  1. — ^The  diameter  of  the  cylinder  of  a  non-condensing  engine  is  0.47 
meters,  the  stroke  8  =  1.044  meters,  the  number  of  reyolutions  per  minute  is  24, 
and  the  pressure  in  the  cylinder  j?,  =r  4  atmospheres.  What  is  the  delirery  per 
second  when  the  proportions  of  the  slide  Talre  are  as  has  been  assumed  in  our 
discussion? 

Rnrt,  Frz^  =  0.78544»  =  0.7854  x  (0.47)«  =  0.1784. 
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Now  from  our  tables,  for  a  pressure  of  4  atmospheres  and  ei  =  0.91,  pi  = 
3.888.    Hence 


and 


Li  ==  10684  X  2.888  x  0.1784  x  1.044  =  6801  m.  IdL 
Nt  =  4698  X  24  X  2.888  x  0.178  x  1.044  =  66.4  horse  power. 


EzAXFLS  2.— What  would  be  the  deliyery,  if  0,  =  0.4  ? 
In  this  case 

Pi  =  1.870»    and 

ITi  =  4.698  X  24  X  1.87  x  0.178  x  1.044  =  87.28  hone  power. 

87  28 
The  deliTeryisthengg^,  or  0.66  of  the  firsts  while  only  about  0.4  as  much 

steam  is  used,  and  hence  not  half  as  much  fueL 

Work  of  the  Engine  when  Disconnected. — ^From  the  indicated 
work  of  tiie  engine,  just  calculated,  we  must  subtract  that  re- 
quired to  work  the  pumps,  eccentrics,  and  overcome  the  va- 
rious frictional  resistances.  We  obtain  this  work  if  we  deter- 
mine that  of  the  disconnected  engine,  and  then  increase  this 
latter  by  a  certain  amount,  as  given  by  experiment ;  because 
the  work  required  by  the  friction  of  a  working  engine  is  greater 
by  a  certain  amount  than  that  of  an  engine  running  without 
overcoming  useful  resistance. 

The  greatest  part  of  the  work  in  question  is  required  to  run 
the  fly-wheeL    Let  us  estimate  it  first 

Theory  of  the  Crank. — ^The  fly-wheel  serves  not  only  to  con- 
vert redprooating  motion  into  circular  or  rotary,  and  to  carry 
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the  motion  past  the  dead  points  U  and  0,  bnt  also  to  make  the 
motion  uniform. 

If  BA^  Fig.  102,  is  the  connecting  rod,  CA  the  crank,  the  rod 
exerts  either  compression  or  tension  npon  the  crank.  If  the 
rod  has  the  position,  and  rotation  takes  place  as  shown  by  the 
arrows,  it  acts  to  cause  compression.  If  the  crank  is  at  Aij  or 
A^  the  rod  causes  tension.  Let  AR  =  Q  be  the  pressure. 
This  pressure  only  acts  in  part  to  cause  rotation.  That  part, 
namely,  which  is  perpendicular  to  the  direction  of  the  crank, 
or  which  acts  in  the  direction  AX.  By  the  other  component  of 
Q,  the  crank  is  forced  against  the  bearings  and  the  friction  in- 
creased. If  now  we  decompose  AR  =  Q  into  the  directions 
AX  and  AC^  AD  is  the  force  causing  rotation,  and  AE  is  that 
causing  compression.    If  the  angle  DRA  =  RAG  =  y^  we  have 


and 


AD  =  Q  sin  y. 


a> 


AE  =  Q  cos  y. 


The  resistance  opposes  the  force  Q  sin  y.  Let  it  be  AP=  P, 

and  constant  at  all 
points  of  the  crank 
circle.  We  assume 
that  the  work  of  rota- 
tion is  equal  to  that  of 
the  resistance.  There 
are  then  four  points 
in  which  the  driying 
force  Q  sin  ^  is  equal 
to  the  resistance  P. 
These  points  can  be 
easily  found.  For  this  purpose  we  assume,  for  the  sake  of 
simplicity,  that  the  connecting  rod  is  yery  long  compared  to 
the  crank.  The  results  thus  obtained  deviate,  as  we  shall  see 
later,  but  little  from  those  obtained  under  the  assumption  of  a 
finite  rod.  If,  therefore,  the  rod  is  assumed  yery  long,  it  is 
always  parallel  to  270,  and  we  have 


Fio.  108. 


and 


QBmy=^QwiACU=P   ....    (2). 

p 

sin  y  =  sin  ACU  =  tt  •    •    •    •    •    (3)^ 
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Let  us  assume  the  engine  to  work  with  full  pressure.  The 
force  Q  =  AB  remains  then  constant  during  the  whole  dis- 
tance UO  =  2r.  The  work  of  this  force  is,  for  an  entire 
revolution,  4rQ. 

The  work  of  the  resistflknce  F  in  the  same  time  is  27trP,  and 
since  both  works  are  equal, 

20  =  ;rP (4> 

or 

P  =  — 0=0.6366©.    ...        (6). 

The  resistance  cannot  be  greater  for  uniform  motion.  If  we 
insert  this  value  in  (1)  we  have 

sin  X  =  sin  AGU  =  0.6366, 
or  the  angle 

r=^ACU=drd2'. 

When,  then,  the  crank  makes  the  angle  39""  32'  with  270,  the 
moving  or  tangential  force  is  equal  to  the  resistance  P.  For 
every  other  position  of  the  crank  the  tangential  moving  force 
varies  with  the  angle.  If  we  make  AiCO,  A^CO,  A^CUequsA  to 
ACUy  we  have  at  the  points  A^  A^^  A^  the  moving  force  Q  sin 
y  equal  to  the  resistance  P.  Between  A  and  ^i,  and  between 
At  and  A^  the  moving  force  is  greater,  while  between  Ax  and 
Ai,  and  Az  and  Aj  it  is  less  than  the  resistance.  But  since  the 
work  of  the  force  must  be  equal  to  that  of  the  resistance,  the 
excess,  in  the  first  portions,  must  equal  the  deficiencies  in  the 
other  two.  In  order  to  accomplish  this,  it  is  necessary  to  at- 
tach a  heavy  weight  to  the  axle.  Such  a  weight  is  the  fly  wheel 
The  object  of  the  fly  wheel,  then,  is  to  receive  the  excess  of 
work  on  AAi  and  A^^  and  give  it  up  along  AiA^,  and  A^A. 

CakvlaJtum  of  the  Weight  of  Fly  Wheel— "We  can  now  easily 
find  the  weight  8  of  the  fly  wheel  Suppose,  first,  a  weight 
Si  upon  the  crank  pin,  which  has  the  same  living  force 
as  the  fly  wheel,  or,  more  simply,  of  the  fly  wheel  rim.  If  the 
meto  velocity  of  the  weight  is  v  and  that  of  rim  V,  we  must 
have,  when  i^e  one  mass  is  replaced  by  the  other,  iS'ii;'  =  i9P, 
or 

S  =  8,(^y (6). 
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If  the  mean  radios  of  the  rim  is  B^  and  of  the  crank  ^  =  -a* 

we  have 

v:V::r:R,    or     (^^y  =  (^^y.   .    .    (7> 

Hence  from  (6) 

^  =  ^»(iy- (8). 

We  have  now  to  determine  the  weight  8i. 
Since  from  A  to  Ai  there  is  an  excess  of  force,  there  is  an 
increase  of  velocity.    If  the  velocity  at  ^  is  Vi  and  at  A^,  v^ 

the  living  force  at  -4  is  ^  5i,  and  at  Ai,  5— iSi. 

Hence  from  Ato  Ai  the  living  force  stored  is 

^'« » 

This  work  is  given  np  from  Ai  to  A^y  absorbed  again  from  Af 
to  Afy  and  so  on.    If  now  the  mean  velocity  is  v,  then 

-^-^j — -  =  V,    or    Vi  +  V2  =  2v.     .    .    .    (10). 

We  denote  the  ratio  of  the  difference  between  the  greatest 
and  least  velocities  (t^  —  Vi),  to  the  mean  velocity,  by  the  term 
"  co^ffkieTit  of  irregvkmiijy^  and  represent  it  by  (J.    l^os 

<y  =  -^-^ — —  ,    or    i?tf  =  t;j  —  t?! ,    .    .     (11). 

This  coefficient  must  be  taken  less,  according  as  more  nni- 
formity  is  required.  Thus  the  coefficient  should  be  much  less 
for  an  engine  required  to  run  a  cotton  mill,  for  instance,  than 
for  working  pumps,  eta 

From  (10)  and  (11) 

Inserting  this  in  (9)  we  have  for  the  increase  of  living  force 
from  A  to  j1i, 

^8, (12). 
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We  can  now  obtain  another  expression  for  this  worL    The 
force  Q  performs  from  ^1  to  Ai  the  work 

2Qr  cos  X  =  2©r  cos  39**  32'  =  1.5424^. 

The  resistance  P  =  0.6366Q  is  overcome   through  AAi^or 
through  an  arc  of  180  -  2  (39°  39)  =  100°  66'.    The  length  of 

this  arc  is  — i™ —  nv  =  1.7616r. 

Hence  the  work  of  the  resistance  is 

1.7615r  X  0.6366Q  =  IMlUQr. 

The  excess  of  the  work  of  the  force  is  then 

(1.5424  -  1.1214)  Qr  =  0.4210  Qr. 

This  excess  must  be  equal  to  that  of  the  living  force. 
Hence 

— /Si  =  0.4210  Cr,    or    v^iS^i  =  0.4210  ^(7. 
Since        Sx^  =8V^  =  8(^  1;)'=  S  (7-)  V  we  have 


^^^^Vzz  0.4210^^,  or 


^  =  0.4210  (-J)^^., ^3). 

For  a  finite  connecting  rod  i^Si  is  somewhat  greater.    I^  for 
example,  the  connecting  rod  is  6  times  as  long  as  the  crank,  or 

y-  =  I ,  we  find  by  similar  calculation 


^=0.4978(0^^,. 
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For      r=| 
For      r  =  i 


^  =  0.5164  (jyi^,. 
^  =  0.6436  (J)*|L<^. 


If  the  engine  works  expansiTely,  then  for  the  same  deliTeiy 
and  otherwise  similar  circumstances,  the  above  expressions 
must  be  multiplied  bj  the  expression 


0.77  +  0.23  -  -  0.017  (^  .    .    .    .    (U). 


where  e^  is  the  coefficient  of  fill  of  the  cylinder.    Thus  for  Ci  = 
0.5,  or  for  cut-off  at  i  the  length  of  cylinder, 

0.77  +  0.23  X  2  -  0.017  x  4  =  1.162. 

We  shall  now  express  Qr  in  terms  of  the  indicated  work  Lt 
The  force  Q  represents  the  mean  effective  pressure  upon  the 
piston,  hence 

where  pi  is  given  in  kilograms  per  sq.  meter.    Hence 

Qr  =  rFp,  =  i8Fpi^iU 

Substituting  this  in  the  above  expressions,  and  inserting  the 
value  oig  =  9.81  meters,  we  have  for 


I    ♦ 


«=^«»(i)'^ 


f=* 


*=^«^a)'^ 
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T  =  * 


8=%m{p\^ 


mJ  i^<y' 


The  weight  S  is  that  which  when  applied  at  the  distance  B 
from  the  center  C  of  the  shaft,  will  cause  the  required  degree 
of  uniformity  of  motion. 

Now  every  fly  wheel  consists  of  a  rim  and  4  or  8  arms.  If 
we  let  8  refer  to  the  rim  alone,  then  by  reason  of  the  inertia  of 
the  arms  the  degree  of  irregularity  will  be  less  than  that  as- 
sumed in  the  calculation.  We  may,  therefore,  take  about  0.9  of 
the  above  values  for  S  and  consider  this  as  the  weight  of  the 
rim.    We  have  then 

(l.)for   f=i 

(2.)  for   r=i 

^,  =  2.273  (jy^. 

(a)  for   |=i 

S.  =  2.398  (^-)*^-. 

These  formul»  apply  to  full  pressure  engines.  For  engines 
working  expansively,  we  must  multiply  by  the  coefficient  given 
by  (14). 

If  the  arms  are  ^ths  of  the  weight  of  the  rim,  and  if  we  de- 
note the  weight  of  the  fly  wheel  shaft  by  8un  az^d  the  total 
weight  of  shaft  and  wheel  by  8^  we  have 

8=  8„'{- 1.35^.  • 

EXAMPLE. 

What  weight  must  the  flj  wheel  have  for  the  engine  of  page  586,  of  66.4 
hone  power,  or  Lt  —  5801  meter-kilogiams  ?    The  coefficient  of  irregularity  6  ia 

taken  ^,  and  -j  =  ^and  ^  =  i • 
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The  ciicmnf  erence  of  the  crank  dicle  is  2«r  =  ns.    Since  there  are  «  leTO- 

1  . .                 •     4.     4.U                  1    -4.       •     ^«*        8.1416  X  1.044  X  24       ^ «. 
lutionsper  minute,  the  mean  velocity  «« -gg- =  ^^ =  L38 

meters.    Hence 

^  =3.273(i)«  ^.j^^L_  =  8802 kilograms. 


If  with  the  same  delivery  the  coefficient  of  fill  is  e^  =  0.6,  we 
must  multiply  this  weight  by  0.77  +  0.23  x  2  -  0.017  x  4  = 
1.62|  and  hence 

8r  =  10298  kilograms. 

The  weight  of  the  entire  fly  wheel,  in  the  first  case,  is  L3  x 
8862  =  11521,  and  in  the  second  1.3  x  10298  =  13387  kilograms. 

Since  the  friction  of  the  fly  wheel  journals  consumes  a  con- 
siderable amount  of  the  work,  we  should  have  the  weight  as 
small  as  possible,  and  make  the  radius  as  great  as  possible. 

IHmermona  of  the  Rim  and  Arms, — ^If  we  know  the  weight  of 
the  rim,  we  can  easily  find  its  dimensions.  We  denote  the 
cross-section  by  F^  and  the  weight  of  1  cubic  meter  of  cast  iron 
by  y.  (Since  the  specific  weight  of  cast  iron  is  7.4,  1  cubic  me- 
ter weighs  1000  x  7.4  =  7400  kilograms.)  The  volume  of  the 
rim  is  then 

^TtRFi  cubic  meters, 
and  its  weight 

2nBFiy. 

We  have  then 

8r  =  2nRFxy, 

or  putting  y^  7400  kilograms, 

8r  =  46472iJi?^i, 
and  hence 


F^  = 


464725  • 


In  general,  we  make  the  radial  depth  of  rim  1  to  2  times 
the  thickness.  If  the  first  is  d  and  the  second  h,  we  have 
Fi  =  hd. 
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If  we  denote  the  nnmber  of  arms  by  n,  and  the  cross-section 
bj  F^,  the  weight  is 

7400ni^aS, 

and  we  have 

\8r  =  7400?ii?VS- 

To  smaller  wheels  we  may  give  4  arms,  to  larger  6  or  even  8. 
If  n  is  given,  we  haye 

""22200n5 


EXAMPLE. 

What  must  be  the  cross-sections  F^  and  ^t  ^or  the  fly  wheel  of  the  foU 
presBore  engine,  already  mentioned,  for  which  the  weight  of  fly  wheel  rim  has 
been  found  8862  kilograms,  and  the  mean  radius  R  =  3.61  meters  ? 

8862 
We  have  F^  =  thtss — ©"g?-  =  0.0729  square  meters.    If  we  take  h  =  \d^  we 

haye 

F^  =  0.0720  ={<{>,  or  <2 rr  V0.1094  =  0.881  meters,  or  88.8 
oentimeters,  and  (  =  {  x  88.8  =  22.2  centimeters. 

For  the  arms,  if  we  have  8  of  them, 

8862 

Diameter  of  the  Joumah —  WeigU  of  the  Shaft — ^We  can  now 
find  the  weight  of  the  shaft  The  journals,  according  to  Morin, 
should  have  the  diameter 


*=»f? 


centimeter 


where  Nt  is  the  indicated  horse  power  and  u  the  number  of 
rsTolutions  per  minute.    The  diameter  of  the  shaft  can  be  1  or 
2  centimeters  greater. 
For  our  full  pressure  engine,  Ni  =  56.4  horse  power,  t*  =  24; 

hence 


j/"2r 
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If  we  make  the  diameter  of  the  shaft  28.62  oentimeters,  and 
assume  it  is  3  meters  long,  the  weight  is  approximately 

7400  X  3.14  (0.143)'  x  3  =  1421  Jdlograms. 

Hence  the  weight  of  fly  wheel  and  shaft  is 

i9=  1421  + 11521  =  12942  kilograms. 

Mean  Effedtwt  Pressure  Necessary  for  Overcoming  the  Besis^ 
ance  of  Friction. — Since  we  now  know  the  diameter  di  of  the 
shaft  and  journals,  and  the  weight  of  fly  wheel  and  shaft,  we 
can  find  the  work  required  to  overcome  the  journal  friction. 

The  circumference  of  the  journal  is  Ttdi.  If  we  put  coefficient 
of  friction  =  Ci,  we  have  for  the  work  per  stroke  (per  half  ioyo- 
lution) 

^ndiCiS. 

If  ^«  is  the  mean  effectiye  pressure  per  square  meter  of  the 
piston,  required  for  this  work,  the  work  of  the  steam  per 
stroke  is 

10dS4p.Fs  =  10334  ^  8p, , 

where  d  is  the  diameter  of  the  piston.    We  have  thus  p„ 

_  4  X  iTtdiCjS  _    2diCiS 
^•~    103347r(?«   ~"  10334^' 

If  we  take  the  coefficient  of  friction  Ci  =  0.1,  we  have 

!>.  =  0.00002^. 

For  the  mean  efiEective  pressure  pty  required  to  oyercome  the 
friction  of  the  piston,  piston-rod,  cross-head,  crank-pin,  eccen- 
trie,  slide  valve,  and  feed  pump,  Grashof  gives 

0.0227 
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We  have  accordingly  for  the  mean  effective  pressure  of  the 
engine  when  disconnected, 

^«  =  0.00002  ^+2:|27 

For  condensing  engines,  we  have  lEklso  the  air  and  cold  water 
pumps. 

Mean  Effective  Pressure  required  for  tvorhing  the  Cold  Water 
and  Air  Pumps. — If  we  assume  that  the  engine  requires  per 
hour  D  kilograms  of  steam,  and  n  times  as  much  cold  water  for 
condensing  this  steam,  the  cold  water  pump  must  furnish  per 
hour  nD  kilograms  of  cold  water.  If  the  height  is  h  meters, 
the  work  required  to  furnish  this  water  is  per  hour  nDh  meter- 
kilograms. 

We  may  allow  that  at  each  stroke  ^th  of  the  water  falls 
back,  that  therefore  not  n/>,  but  (1  +  0.1)  nD  =  l.lni>  kilo- 
grams must  be  raised  the  distance  A.  Hence  the  work  per 
hour  is 

lAnDh. 

If  we  allow  ^d  of  this  for  resistance  of  friction,  we  have  for 
the  actual  work  required  per  hour, 

and  per  minute,  about 

IMDh 

60      • 

If  now  pg  is  the  mean  effective  pressure  upon  the  piston  re- 
quired to  perform  this  work,  we  have  for  the  work  of  the  steam 
per  minute  (u  revolutions), 

10334  X  2uFspg. 

This  work  must  equal  the  preceding,  hence 

10334  X  2«Jip,  =  ^^:^ , 
or 

,  =  0.00015  j^j5^  very  nearly. 
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Let  OS  now  determine  the  work  required  by  the  air  pump. 
This  has  to  remove  the  water  weight 

(n  +  1)2? 

kilograms  from  the  condenser.  This  requires  the  space 
0.001  {n  +  1)  D  cubic  meters.  In  removing  the  water  from  the 
condenser,  the  pressure  overcome  is  that  of  the  atmosphere  less 
the  condenser  pressure.  Upon  the  return  stroke,  the  con- 
denser pressure  is  overcome.  In  each  double  stroke  the  aver- 
age pressure  is  then  that  of  the  atmosphere.  The  work  is 
then 

10334  X  0.001  (n  +  1)  2)  meter-kilograms  per  hour, 

or 

10334 


60 


X  0.001  (n  +  1)  2)  per  minute. 


If  j9«  is  the  mean  effective  pressure  which  performs  this  work, 
we  have 

10334p,Ffi2w  =  ^~  X  0.001  (n  +  1)  A 


or 


A  AA1    (W   +  1)  2> 

i>.  =  0.001  4-2^-^^, 


Since  the  pump  must  also  move  the  air  from  the  condenser, 
and  the  frictional  resistance  must  be  overcome,  we  should^  ac- 
cording to  Grashof,  at  least  double  this  pressure,  and  thus 
have 

7>  -00029  (?L±i)-^ 
If  we  neglect  1  in  comparison  to  n^ 
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"We  have,  then,  for  the  mean  effective  pressnre  in  the  cylin- 
der, required  for  working  the  cold  water  and  air  pumps, 

P,  +  p:  =p'^  =  0.00016  ^  +  0.0022  ^ 

=  0.00016»(A  +  16)j2^. 
As  a  rule,  n  =  20,  and  ^ 

K  =  (0.003A  + 0.046)  j^. 

Hence  the  mean  effective  pressure  jp^  of  the  engine,  when 
disconnected,  if  condensing,  is 

^  =  0.00002  ^f  +  5:fl+y^ 


or 


p.  =  0.00002^1-+^ 

H-(0.003A  + 0.045)  j^ 

Useful  Ddivery. — ^The  work,  therefore,  of  the  engine  when 
disconnected,  per  stroke  is  X^  =  Fspn^^  where  p^,  is  to  be  found 
as  above  for  condensing  or  non-condensing  engines.  If  we  sub- 
tract this  work  from  the  indicated  delivery,  we  have  the  useful 
work  per  stroke.    For  this,  then. 


L^  ^=  Li  —  2/, 


m« 


Now  it  is  evident  that  the  work  Z^  absorbed  by  the  different 
friotional  resistances  and  by  the  working  of  the  pumps,  is 
greater  when  the  engine  is  at  work  than  when  disconnected. 
According  to  Pambour,  we  must  increase  the  work  of  the  re- 
sistances by  a  part  of  the  useful  work,  and  then  subtract  from 
Lt    Thus  he  takes  this  part  at  0.12  to  O.MLk,  and  hence 


L^  =  Lt^  {L„,  +  0.132i«), 
41 
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or 

or 

^"^ "  ^  Lis"  • 

Henoe,  if  ^«  is  the  mean  effecidye  pressure  required  for  the 
nsefol  work, 


^'^''^         L13        ' 


or 


^••■"     1.13    • 

If  we  have  u  revolutions  per  minute,  the  horse  power  of  use- 
ful work  is 

^  uL„     -^^» 

"  "  30  X  75  ""  "75" ' 

where  pu  is  in  kilograms  per  square  meter. 
For  the  indioated  efficiency  (m<)  of  the  engine,  we  have 

Li      Ni      Pi 

Steam  WeigM  per  Hour. — ^According  to  Volkers,  the  steam 
weight  per  hour  D  is  given  by 

D  =  120F8U  [(e  +  ei)  >^i  -  ey^  +  4B0d  VpT. 

Here,  yi  denotes  the  weight  in  kilc^rams  of  1  cubic  meter  of 
steam  at  the  pressure  pi  atmospheres,  which,  for  saturated 
steam  is  given  by  Table  IL 

For  non-condensing  engines,  ;^a  ==  1.32 ;  and  for  condensing 
0.264 

The  second  term  includes  the  loss  of  steam  and  heat,  as  also 
the  moisture  of  the  steam,  for  engine  in  average  good  con- 
dition. 

Finding  thus  2>,  we  can  find  pm  &om  the  formula  already 
given  for  that  quantity. 
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Dimensions  of  the  Condenser  and  Pumps. — ^We  have  seen,  page 
610,  that  the  ratio  n  of  the  weight  of  oooling  water  and  con- 
densed steam  is  given  bj 

600-« 
n  = 


where  ^  is  the  temperature  of  the  condenser  water,  and  ^  that 
of  the  injected  cold  water. 

If  we  take  as  a  mean  temperature  fi  =  46"^,  corresponding  to 
a  pressure  of  i^th  atmosphere,  and  ^  =  18^,  we  have 

_  600  -  46  _  554  _^ 
""^    46-18~'28'-^' 

If  /o  is  less  than  IB'',  n  may  be  less  than  20. 
The  volume  of  the  condenser  is  taken 

« 
ri     Fb  .    Fa 

that  is,  id  or  ^th  of  the  cylinder  volume. 

Let  now  Vi  be  the  volume  described  by  the  piston  of  the 
cold  water  pump  per  stroke,  then 

is  the  space  described  per  minute.  If  the  pump  is  double  act- 
ing, this  is  the  water  quantity  furnished  per  minute.  If  it  is 
single  acting,  the  quantity  is  t^F^  cubic  meters. 

In  the  first  case,  the  water  per  hour  is  2  x  &)uVu  and  in  the 
second  60u  Vt  cubic  meters. 

Now  the  steam  weight  per  hour  is  D^  and  the  water  weight 
required  for  condensation  is  nD.    The  entire  weight  (n  + 1)  27 

takes  the  space  ^— ttjka —  cubic  meters. 
We  have  then  for  Vi 
(a.)  For  a  double  acting  suction  pump^ 
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If  about  10  per  ceni  of  water  falls  back,  we  most  increase  Vx 
by  yVth.    Then 

(n  +  l)2?^fa  +  l)Z> 
vi  -  1.x  J200001*  "  109091tt  ' 

for  which  we  may  put 

V%  = cubic  meters. 

^      lOSOOOtt  *"««««• 


(6.)  Far  single  ading  pump^ 
we  have  double  this,  or 


^t  =  gjAAA     cubic  meters. 
o4000tt 


Quantity  of  Fvd  (B)  per  Hostir. — ^When  we  know  the  steam 
weight  D  per  hour,  we  can  easily  find  the  amount  of  fuel  re- 
quired for  the  generation  of  this  steam,  when  the  heating  value 
of  the  fuel  and  the  efficiency  of  the  boiler  and  grate  are  known. 

We  know  that  1  kilogram  of  steam  requires  for  its  generation 

W  =  606.5  +  0.305^  heat  units. 

D  kilograms  then  require  WD. 

If  1  kilogram  of  fuel  furnishes  by  complete  combustion  K 
heat  units,  we  have  for  WD 

-^^  ^.^  of  *...  r..^. 

when  aU  the  heat  goes  to  generate  steam. 

But  only  a  part  of  the  fuel  is  completely  consumed,  even  if 
the  greatest  part.  Then,  the  hot  gases  of  combustion  carry 
off  a  large  amount  of  heat^  and  only  a  part  of  j^  is  effective 
to  heat  the  boiler  plates.  This  part,  the  ratio  of  which  to 
the  total  heating  power  B  of  the  fuel  we  call  the  efficiency  of 
the  grate,  we  denote  by  Wi.  Further,  not  all  the  heat  which 
enters  the  boiler  plates  goes  to  heat  the  water.  A  part  is  lost 
by  reason  of  radiation  and  imperfect  conduction.  The  heat 
which  the  water  actually  receives,  compared  to  that  received 
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by  the  boiler,  is  the  efficiency  of  the  boiler.    We  denote  it  by 

It  is  evident,  then,  that  for  vaporizing  D  kilograms  of  water 
we  must  have 

^  =  HZ  uz  TT  kilograms  of  fuel 

Cost  of  a  Horae  Poiver  per  Hour. — ^Let  us  now  determine  the 
cost  of  a  horse  power  per  hour.  Let  the  price  of  the  boiler  be 
P  and  of  the  engine  P^  Also  the  price  of  all  the  masonry, 
chimney,  boiler,  and  engine  house,  etc.,  be  P^.  Let  the  inter- 
est on  the  price  of  boiler  and  engine  be  x  per  cent.  The  inter- 
est yearly  is  then 

Let  the  interest  upon  the  capital  Pa  be  j^  per  cent  Then  we 
have  yearly  for  this 

100  ^^^ 

Let  the  engine  work  z  hours  per  year,  and  each  hour  con- 
sume B  kilograms  of  fuel  at  a  price  of  Pa  per  kilogram.  Then 
the  yearly  expenditure  for  fuel  is 

zBPjf. 

If  the  price  for  attendance  is  A  for  each  hour  for  each  horse 
power,  and  for  lubrication  per  year  is  Au  and  yearly  repairs  A^ 
we  have  the  yearly  expenditure 

sA  +  NuAi  +  At. 

The  total  expenditure  per  year  is  then 

zA  +  NuA^  +  ^a  +  zBP,  +  i^  Pa  +  ^  (P  +  Px), 
and  the  expenditure  per  hour  for  each  horse  power  is 

A    ^g^  ^  NuA,  +  ^  +  gPPa-^  ife-Pa  +  m(P+  Pi) 
^    ^ 

zNu 
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Tlie  expenditure  per  hour  for  each  horse  power  is  then,  in 
general,  less, 

1.  The  greater  the  number  of  working  hours  per  jear.  This 
is  eyident,  as  for  many  interruptions  a  large  amount  of  fuel  is 
wasted. 

2.  The  greater  JVu,  or  the  larger  the  engine.  It  is  also  evi- 
dent that  two  or  more  engines  which  give  the  same  work  as 
one  are  more  costly  in  construction  and  maintenanoe  than  the 
single  one.  When,  indeed,  the  size  passes  a  certain  limit,  the 
difficulties  of  construction  may  be  so  great  that  two  or  more 
may  be  cheaper  than  one. 

3.  The  higher  the  temperature  of  the  feed  water.  The  heat- 
ing of  the  feed  water,  the  importance  of  which  we  have  shown 
on  page  602,  is  a  general  practice.  For  this  purpose  the 
chimney  gases  are  used,  or  the  heat  of  the  escaping  cylinder 
steam. 

4  The  greater  the  mean  effective  pressure  jp^  and  the  less  the 
mean  back  pressure  pm-  The  boiler  pressure  should,  there- 
fore, be  high  (6  to  8  atmospheres).  The  higher  this  pressure, 
the  less  is  the  advantage  of  condensation. 

6.  The  greater  the  velocity  of  the  engine.  But  this  has  evi- 
dently a  limit.  Badinger  has  shown  that  for  a  certain  degree 
of  fill  and  a  certain  pressure,  the  usually  received  mean  veloc- 
ity can  be  exceeded  without  danger  of  irregular  action.  The 
motive  force  at  the  beginning  of  each  stroke  must  be  so  great 
as  to  be  able  to  overcome  the  friction  of  the  piston  and  the 
inertia  of  the  moving  masses,  such  as  piston,  piston  and  con- 
necting rods.  This  governs  the  extent  of  compression  (the  ad- 
vantage of  which  has  been  referred  to)  as  also  the  amount  of 
lead. 

Hrab^k  (see  Grashof  s  Besultate  der  mechanischen  Warme- 
theorie)  gives  for  the  following  useful  deliveries  the  correspond- 
ing mean  velocities  : 

i^„  =  l  10  20  45  80  150 

30c  =  30  35  40  45  50  55 

Under  the  assumption  that  a;  =  10,  is  =  3600,  D  =1B  and 
Pt  =  30  cents  about,  the  coefficient  of  fill  e^  has  been  calcu- 
lated for  different  sizes  and  pressures,  when  the  quantity 

«5Ps  +  j^  (^  +  A) 
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is  a  minimum.    This  quantity  is  the  principal  yearly  cost 
The  following  table  gives  the  degree  of  fill  e^ : 


Engine  without  Condensation. 

Condenalng  Bngina. 

N,=        7         20 

60 

180 

7 

20        60 

180 

Pi-2    — 

— 

0.33 

0.30     0.25 

0.23 

^  =  3    0.41     0.40 
pi  =  A    0.33     0.32 
pi  =  6    0.30     0.25 

0.39 

0.38 

0.30 

0.25     0.30 

0.20 

0.31 

0.30 

0.26 

0.22     0.20 

0.16 

0.23 

0.20 

0.24 

0.20     0.18 

0.13 

We  see,  therefore, 

a.  That  the  coefficient  of  fill,  for  the  same  delivery  N^  and 
the  same  steam  pressure  jh  is  less  for  condensing  engines  than 
for  non-condensing.  That,  however,  the  coefficient  for  both 
systems  is  more  nearly  the  same  as  the  pressure  increases. 

6.  Both  condensing  and  non-condensing  engines  have  a  less 
coefficient  of  fill,  the  greater  the  useful  delivery  Nu  and  the 

greater  the  pressure  jpi. 

For  a  non-condensing  engine,  for  example,  of  7  horse  power, 
it  would  be,  under  the  assumed  conditions,  not  advantageous, 
for  a  pressure  of  4  atmospheres,  to  have  the  degree  of  fill  of 
the  cylinder  Ci  greater  or  less  than  0.33. 

Calculatum  of  a  Projected  Steam  Engine.— Let  us  now  conclude 
by  showing  how  to  proceed  in  order  to  find  the  dimensions  of 
the  more  important  parts  of  a  steam  engine  of  any  required 
useful  horse  power.  We  cannot  find  these  dimensions  directly 
from  the  preceding  formulsB,  but  we  will  show  how  by  their  aid 
we  can  find  approximate  values,  and  then,  from  these  values 
can  find  the  more  exact  proportions.  Let  us  take  an  example 
which  will  illustrate  the  general  method  of  procedure. 

EXAMPLE. 

Required  to  build  a  steam  engine,  working  expansively,  whose  effective  de- 
livery  shall  be  60  horse  power.  . 

We  assume  that  water  is  abundant,  and  hence  the  engme  may  be  a  condennng 
enirine.  We  also  assume  that  the  work  leqnired  of  the  engine  is  ofsuch  char- 
acL  that  a  coefficient  of  im)gularity  of  5  =  A  will  be  sufficient,  ^hatdim^^ 
sions  must  we  give  the  engine?  what  amount  of  water  and  fuel  is  required  per 

hour  ?  etc. 
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U,  instead  of  the  effective  deliyeiy,  the  indicated  delivery  had  been  given,  our 
formulra  would  enable  us  to  find  with  ease  the  dimensions  of  the  yarious  parts, 
and  then  we  could  estimate  the  resistances  owing  to  the  motion  of  these  parts. 
The  work  corresponding  to  these  resistances,  deducted  from  the  indicated  de- 
livery, would  then  give  at  once  the  effective  delivery.  We  see  at  onoe  that  the 
indicated  delivery  must  be  much  greater  than  the  actuaL  We  have  called  the 
quotient  of  the  actual  by  the  indicated  delivery 

the  indicated  efficiency. 

This  efficiency  m,  we  must  seek  to  determine  by  experiment 
and  calculation.  It  is,  of  course,  more  for  large  engines  and 
less  for  smaller  ones.  Also  for  the  same  delivery  it  is  some- 
what less  for  expansion  engines  than  for  full  pressure,  and  for 
condensing  engines  least  of  aU. 

According  to  Grashof,  we  have 

1.  For  fuyriroondensing  engines  withyut  expanaionf  when 

a,    JVL  lA  from  R  in  9..^  Tirk-roA  -nrkWAv 


€L  N^  is  from  6  to  25  horse  power, 


N^  +  50' 
&  Nu  from  26  to  80  horse  power, 

N^  +  75 
Nu  +  100* 


wi<  = 


2.  For  nonrcondenaing  engines  with  ea^pansion* 
a.  Nu  from  10  to  40  horse  power. 


JV«  +  32 


iV„+60* 


h.  Nu  from  40  to  100  horse  power. 


Nu  + 100 
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3.  For  condensing  and  expansijon  engines, 
a.  Nu  from  15  to  46  horse  power, 

"*•=   ^,  +  60* 
(&)  N^  from  46  to  180  horse  power, 

"^"JV.  +  ISO* 

From  these  formulse  the  following  table  is  calculated,  which 
contains  yalues  rather  too  small  than  too  large : 

^.=    6  10  15         20  25         80  40 

1  0.727     0.750     0.769     0.786     0.800     0.808     0.821 

2  ....      0.700     0.723     0.743     0.760     0.775     0.800 

3      0.631     0.657     0.680     0.700     0.733 

.y.  =    50  60  80  100        120       150        180 

1  0.833  0.844  0.861  

2  0.813  0.825  0.844  0.860      

3  0.756  0.768  0.790  0.809     0.824     0.843     0.858 

Since  onr  engine  is  a  condensing  engine  with  expansion,  w€ 
haye  from  the  table  mt  =  0.768. 


Henoe 


0.768  =  ^==%  or 


Nt  =  Q^ygg-  =  78  horse  power. 


Let  the  mean  steam  pressure  of  the  driving  steam  hep^^i 
atmospheres,  and  the  coefficient  of  fill  be  ei  =  0.2,  as  given  from 
the  table,  page  647*  Further,  from  page  646  let  the  velocity  be 
given  by 

80c  =  47,    or    c  =  1.667  meters* 
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Then  from  page  628 

XT      10334      ^ 

From  the  table,  page  627,  we  have  for  pi^  lot  e^  =  0.20,  and 
Pi  =  4  atmospheres. 

Pi  =  1.881. 
Hence 

ry^    75iy;     _       76x78       ^^o^^ 
~  1033^  ■"  10334  X  1.881  ""  ' 

and  since  c  =  1.567  meters,  we  have  for  the  cross-Bection  jPof 
the  cylinder,  not  including  that  of  the  rod, 

F  =  T-wnn-  =  0.192  sq.  meters. 
i.oo7 

Since  the  velocity  of  the  piston  (o)  is  1.667  meters,  we  must 
give  to  the  steam  passages,  according  to  page  624,  a  cross-sec- 
tion of  about  ^g^th  of  the  cylinder  cross-section.  We  may  make 
them  4  to  5  times  as  long  as  broad. 

If  we  make  the  diameter  of  the  piston  rod  -^th  of  that  of  the 
piston,  we  have  for  d 

hence 

d  =  0.498  =  diameter  of  the  cylinder, 
and 

0.0498  meters  =  498  cm.  =  diameter  of  piston  rod. 

The  stroke  a  of  the  piston  is  best  given  by 


hence 

8 


i  =  2.8-d. 


=  2.8  -  0.498  =  2.302, 


0.498 
or 

»  =  1.146  meters. 
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We  can  now  find  the  weight  Sr  of  the  fly  wheel  rinL    Sup- 
pose we  make  the  connecting  rod  5  times  as  long  as  the  crank, 

T 

then i^h  <^^  irom page  635, 


8.  =  2.273  (^y^. 


11  we  make  R  four  times  r,  in  which  case  the  mean  diameter 
B  of  the  fly  wheel  rim  will  be  4  x  1.146  =  4.584  meters,  we 
haye,  since  Z^  =  75  x  78  =  5850  meter-kilograms,  and  <^  =  Vr* 

/^^  =  2-273  X  tV  X  ^§^2_2L?2L  tii^grama. 

For  V  we  have 

nc     3.1416  X  1.567      « ^/.o       x 
t;  =  "o"  = o =  2.462  meters. 

Hence 

Br  =  4390  kilograms. 

Since  onr  engine  works  ezpansiyely,  and  the  coefficient  of  fill 
is  0.20  =  I,  the  above  weight  must  be  multiplied  by  a  coefficient 
given  by  tiie  equation,  page  634, 

077  +  0.23  X  5  -  0.017  x  25  =  1.495. 

Hence  the  weight  of  the  fly-wheel  rim  is 

8r  =  4390  X  1.495  =  6563  kilograms. 

If  we  make  the  arms  I'^ths  of  the  weight  of  the  rim,  t^ey  will 
weigh  ^(^  X  6563  =  1968.9,  or  in  round  numbers, 

weight  of  fly  wheel  =  1970  kilograms. 

The  dimensions  of  the  rim  and  arms  can  be  easily  found  from 
the  f ormulsB  of  page  636. 
We  can  now  determine  the  diameter  of  the  fly  wheel  joumaL 
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If  we  denote  it  b j  d^  we  haye,  according  to 


cZi  =  02  A/  —  centimeters, 


where  u  is  the  number  of  revolutions  per  minute. 
For  u^  we  have  from  page  196, 


30c      30  X  1.567       .^  ^ 


hence 


di  =  20  i/ J^  =  204/1.902  =  248  centimeters. 

If  we  make  the  diameter  of  the  shaft  26.8  centimeters,  and 
make  it  3  meters  long,  since  the  weight  of  1  cubic  meter  of  cast 
iron  is  7400  kilograms,  the  weight  of  the  shaft  is 

?:l^«^^5:«  X  3  X  74flO  =  1260  kilograms. 

The  total  weight  of  fly  wheel  and  shaft  is  then 

/8^  =/»„  + 1.3  >»,.  =  1250  +  6563  +  1970  =  9783  kiL 

The  mean  effective  pressure  p^  required  for  overcoming  the 
friction  of  the  fly  wheel  shaft  is,  from  page  638, 

».  =  0.00002^^. 
In  the  present  case 

For  the  mean  pressure  (effective)  pt  required  to  overcome  the 
friction  of  the  piston,  piston  rod,  etc,  and  to  work  the  feed 
pump,  we  have  (page  638) 

0.0227      0.0227     ^^.^ 
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Hence  the  mean  effective  pressure  j^^  of  the  engine  running 
loose,  is,  when  ncynroondensing, 

p^  =  0.170  +  0.046  =  0.216. 

For  a  condensing  engine  we  must  add  a  term  which  includes 
the  working  of  the  cold  water  and  air  pumps  (page  639'.  Since, 
however,  the  steam  weight  D  used  by  the  engine  per  hour  oc- 
curs in  this  term,  we  must  first  find  D. 

From  page  642,  we  have  for  D 

B  =  120F8U  [(e  +  ei)yi^  ey^  -h  ASXidVpTf 

where  y^  is  the  weight  of  1  cubic  meter  of  steam  at  the  pressure 
of  4  atmospheres,  which  from  Tabic  IL  is  2.23  kilograms,  y%  = 
0.264,  e  =  0.07  (page  618),  e^  =  0.20,  a  =  1.146  and  w  =  41.02. 
Hence 

Z>  =  120  X  0.192  X  1.146  x  41.02  [(0.07  +  0.20)  2.23  -  0.07  x 
0.264]  +  450  X  0.498  Vi:88T  =  632.47  +  307.35  =  939.82  kilgrs. 

Hence  (page  641), 

y„  =  (0.003A  +  0.045)  i26^o;i92  xfl46  x  41.02  ' 
If  we  take  A  =  2  meters,  we  have 

p„,  =  (0.006  +  0.045)  ^^Qg|  =  0.051  x  0.868  =  0.044. 

Hence 

p^  =  0.216  +  0.044  =  0.260. 

From  page  642  we  have  the  effective  pressure  which  gives 
the  useful  work 


1.13  1.13 


Hence  N^  (page  642)  is 

^^  ^  10334  X  0.192  X  1.667  x  1.435  ^  59  ^^  ^^^ 
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The  result  coincides  then  so  exactly  with  the  required  power 
of  60  horse  power  that  another  and  closer  computation  is  not 
necessary.    This  is  principally  not  only  because  we  ha^e  taken 

T  T 

-  =  \^  bat  also  have  made  d"  ==  i*    ^  ^^^  example,  we  had 

taken  p-  =  i*  the  fly  wheel  wonld  have  been  much  lighter,  and 

hence  the  work  required  for  its  motion  less.  We  should  then 
have  found  for  N^  a  greater  value  than  60  horse  power.  In 
such  case  the  area  of  the  piston  would  have  to  be  reduced 
somewhat  in  order  to  obtain  the  desired  result 

Let  us  determine  now  the  dimensions  of  the  condenser  and 
pumps. 

From  page  643,  the  volume  of  the  condenser  is  (7  =  -j-  to  -o- 

TPn 

Let  us  take  then  (7  =  o-f  >  then 

6,0 


C  = o^^-^ =  0.063  cubic  meters. 

o.o 

Let  the  cold  water  pump  be  single  acting.    The  volume  F^ 
of  the  same  is,  from  page  644, 


64000U 
or  taking  n  =  20, 

^  =  cjaats TTTvo  =  0.0086  cubic  meters. 

54000  X  41.02 


If  we  make  the  stroke  of  the  pump  one  half  that  of  the  cyl- 
inder, we  have  for  the  cross-section  F^ 


j;|  =  0.0085, 


Fx  X  0.573  =  0.0085, 
or 

Ft  =  0.0148. 


i 
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Henoe  we  have  the  diameter  d% 

^  =  0.0148, 

or 

d%  =  0.138  meters  =  13.8  oentimeters. 

li  we  denote  the  volume  described  by  the  piston  of  the  air 
pump  per  stroke  bj  V^  we  can,  in  general,  take 

5=4  to  46. 
Taking  the  first  Talue, 

Fa  =  0.0086  x  4  =  0.0340  cubic  meters. 

As  soon  as  we  fix  upon  the  stroke,  we  can  find  the  diameter. 

The  volume  described  bj  the  piston  of  the  feed  pump  per 
stroke,  can  also  be  easily  calculated  The  feed  water  per  hour 
is  2)  =  939.82  kilograms  =  0.9398  cubic  meters.  If  i^yth  of  the 
water  falls  back,  we  have  per  hour  the  water  volume  0.9398  + 
0.09398  =  1.0337,  and  per  minute,  0.0172  cubic  meters.  In 
order  to  feed  the  boiler  rapidly,  the  pump  must  furnish  in  this 
time,  3  to  6  times  this  volume.  If  we  say  4  times,  we  have  the 
quantity  per  minute  0.0688  cubic  meters.  If  the  pump  is 
single  acting,  it  makes,  in  41.02  revolutions  of  the  engine,  41.02 
strokes,  or  feeds  the  boiler  41.02  times  per  minute.  Hence  the 
volume  which  the  piston  of  the  feed  pump  must  describe  per 
stroke  is,  since  for  each  time  it  feeds  the  boiler  it  rises  and 
&lls 

a^  ,  =  0.00334  cubic  meters. 
41.02  X  i 

If  now  (page  646) 

D  =  7J?,    or    B  =  \D, 

we  have  for  the  weight  of  fuel  per  hour 

B  =  ??^  =  13426  kilograms. 
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It  is  thus  assumed  that  the  heating  value  of  the  fuel  is  toler- 
ably great,  and  therefore  that  good  hard  coal  is  used. 

We  can  now  recapitulate  the  dimensions  of  our  engine  as 
calculated,  or  given. 

1.  Diameter  of  cylinder  (cQ 0.498  meters. 

2.  Length  of  stroke  {s) 1.146 

3.  Cross-section  of  steam  passages 0.0101  sq.  nL 

4.  Mean  velocity  of  piston  (c) 1.567  metera 

5.  Coefficient  of  fill  (eO 0.20 

6.  Revolutions  per  minute  (zt) 41.02 

7.  Diameter  of  the  piston  rod 498  centim. 

8.  Batio  of  length  of  crank  to  connecting 

"""^B   5 

9.  Length  of  crank  (r)  =  ^ 0.573  meters. 

10.  Weight  of  fly  wheel  rim 6563  kilogr& 

11.  Weight  of  fly  wheel  arms 1970 

12.  Weight  of  fly  wheel  shaft 1250 

13.  Diameter  of  journals 24.8  centim. 

14  Diameter  of  shaft .26.8 

15.  Steam  consumption  per  hour  939.82  kilogrs. 

16.  Condensing  water  per  hour  20  x  939.82  . . .  1879.64     " 

17.  Consumption  of  coal  per  hour.  .13426  kiL=  18.7964  cub.  m. 

18.  Volume  of  condenser  ((7) 0.063 

19.  Volume   described  by  piston  of   cold 

water  pump  per  stroke.  .*. , 0.0086 

20.  Volume  describe'd  by  the  piston  of  the 

air  pump  per  stroke 0.0340       " 

21.  Volume  described  by  the  piston  of  the 

feed  pump  per  stroke 0.00334    " 


<c 


u 


EXAMPLES  FOR  PRACTICE. 


I.  What  i8  the  prefisure  of  saturated  steam  whose  temperature  is  20°  fVdi.  ? 
What  is  the  temperature  for  a  pressure  of  10  atmospheres  ?  What  is  the  pressure 
for  140  C? 

d.  What  is  the  mean  specific  heat  of  water  between  10"*  and  25*  C?  Between 
26**  and  70  Fah.  ?  How  much  heat  is  required  to  raise  10  lbs.  of  water  fiom  60* 
to  80'  Fah.  ?  How  much  to  raise  2  kilograms  from  80^  to  70'  G.  ?  What  is  the 
specific  heat  of  water  at  212'  Fah.  ?    At  140'  C.  ? 

8.  How  much  heat  is  required  to  convert  2  lbs.  of  water  at  80*  Fah.  into 
saturated  steam  at  800^  Fah.  ?  How  much  to  convert  1  kilogram  of  water  at  10* 
C.  into  saturated  steam  of  120'  G.  ? 

4.  How  much  heat  is  required  to  yaporize  1  lb.  of  water  at  800*  Fah.  into 
steam  of  the  same  temperature  ?  What  is  the  pressure  ?  What  is  the  outer 
work? 

5.  What  is  the  volume  of  a  (quantity  of  steam  and  water  at  212*  Fah.  whose 
weight  is  1  lb.,  and  which  consists  of  0.2  lb.  of  steam  and  0.8  lb.  of  water  ? 

6.  One  pound  of  steam  and  water  has  a  temperature  of  250*  Fah.,  of  which  2 
cubic  feet  are  stcAm.  How  much  does  the  steam  weigh  ?  How  much  does  the 
water  weigh  ? 

7.  What  is  the  specific  volume  of  steam  at  80*  G.  ?    At  240*  Fah.  ? 

8.  What  is  the  outer  work  performed  in  converting  2  lbs.  of  water,  at  250* 
Fah.  into  steam,  under  a  constant  pressure  equal  to  the  steam  tension  ?  What 
is  the  steam  tension  ?    What  is  the  steam  volume  ? 

0.  What  is  the  density  of  steam  at  4  atmospheres*  pressure  ?  What  is  its  tem- 
perature ?  If  the  volume  is  8  cubic  feet,  what  volume  and  weight  of  water  were 
necessary  to  form  it  ? 

10.  How  manv  heat  units  must  be  imparted  to  1  lb.  of  saturated  steam,  in 
order  to  keep  it  all  saturated  while  it  expands,  performing  work,  till  the  tempera- 
ture sinks  l'  Fah.  ?  If  the  initial  temperature  is  222'  Fah.,  what  is  the  initial 
volume  ?  What  is  the  final  volume  ?  The  initiid  pressure  ?  The  final  pressure  ? 
The  outer  work  done  ? 

II.  How  many  heat  units  must  be  imparted,  as  before,  to  1  lb.  of  saturated 
steam  when  it  expands,  performing  work,  from  5  atmospheres  down  to  1  atmos- 
phere ?  What  are  the  initial  and  £ial  volumes  ?  Initial  and  final  temperatures  ? 
Work  done  during  expansion  ? 

12.  A  full-pressure  non-condensing  engine  has  a  stroke  of  8  feet,  cross-sec- 
tion of  piston,  1.5  S(].  feet.  The  steam  pressure  is  5  atmospheres,  and  it  makes 
25  revolutions  per  minute.  What  is  the  theoretical  work  per  second,  and  how 
much  heat  is  required  ? 

42  857 
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18.  If  a  condensing  engine  foroes  8  cubic  feet  of  steam  at  a  picbihiib  of  j^t& 
of  an  atmosphere  into  the  condenser,  what  woric  is  necessary,  ana  how  nnioh  hot 
is  taken  from  the  steam  ? 

14.  What  work  is  performed  by  the  adiabatio  expansioa  of  1  lb.  of  eatimiJyH 
steam  from  4  atmo^heres  to  1  atmoi^here  ?    How  much  steam  is  oondeDsed  ? 

15.  Whatwonld  the  work  be  iL  to  start  withy  we  had  only  water  and  no  steam? 
How  mnoh  steam  would  be  formed  ? 

16.  If  1  lb.  of  a  mixture  of  0.8  lb.  steam  and  0.2  lb.  water,  expands  adiahsfr 
oally  from  8  atmospheres  down  to  1  atmospher^  what  is  the  work  performed  ? 
What  is  the  initial  yolume  ?  Final  volume  ?  Heat  disappearing  ?  How  wMk 
steam  is  condensed  7 

17.  If  a  mixture  of  10  lbs.  Ib  composed  of  0.8  steam  and  0.3  water,  and  has  s 
preesuie  of  1.5  atmospheres,  what  will  be  the  amount  of  steam  and  water  whei 
ue  mixture  is  cooled,  under  constant  volume,  until  the  pressure  is  ^Jh.  of  an  st- 
mosphere  ?    Wbat  amount  of  heat  must  be  abstracted  ? 

18.  A  boiler  has  170  sq.  feet  of  heating  surface,  and  contains  800  cufatc  feet 
of  which  0.0  are  water  and  the  rest  steam.  In  ordinary  use,  the  boiler  generates 
per  hour  6  lbs.  of  steam  for  every  sq.  foot  of  heating  surface,  of  5  atmo^theres' 
tension.  In  how  many  minutes  will  the  pressure  rise  to  10  atmospheres,  the  tem- 
perature of  the  feed  water  being  OO"*  Fah.  ? 

19.  If  a  vessel  containing  G  lbs.  of  pure  saturated  steam,  at  1.5  atmosphere^ 
communicates  with  another  containing  25(?  lbs.  of  a  mixture  of  water  sod 
steam,  at  Ath  atmosphere,  of  which  0.S3  of  a  pound  are  steam,  what  is  IJie  ooa- 
dition  of  tne  mixture  after  the  cock  is  opened  r 

30.  Given  10,000  lbs.  of  feed  water  at  100"*  Fah.  evaporated  at  70  lbs:  steaza 
saufle  pressure,  and  the  steam  containing  3.75  per  cent,  of  moisture.  Find  the 
neaL  units  required  for  evaporation.    Also  suppose  1800  lbs.  of  coai  wa«  con- 

sumed,  find  the  efficiency  of  the  boiler.    Efficiency  =  =- -, — T"^ — » 

also,  find  the  equivalent  evaporation  at  and  from  312'*  Fah. 

31.  Suppose  a  calorimeter  used  for  determining  the  moisture  of  steam,  which 
not  only  condenses  but  retains  the  steam  and  spray  admitted. 

Further,  let 

W=  TTi  +  0'  Wt  =  the  sum  of  the  origmal  weight  of  condens- 
ing water,  and  the  product  of  the  specific  heat  of  the  tefting  vessel  by  its  weight 
w  =  W€dght  of  mixture  of  steam  and  spray. 
X  ss  weight  of  steam  in  the  mixture. 
w  -^z  =  weight  of  spray  in  the  mixture, 
r  =  total  latent  heat  of  steam. 

g  =  steam  gauge  pressure  (  =  excess  above  atmosphere). 
=  9»  —  9  =(^t  —  ^^  nearly)  =  difference  between  the  heat  of  Uqaid  st 


temperature  oi  the  steam  and  at  final  temperature  of  water  in  condensing 

tf  =  0  —  9,  =(t'  —  ti"  nearly)  =  difference  between  heat  of  liquid  at  final 
temperature  of  the  water,  and  at  initial  temperature  of  condensing;  water.  Prore 
that  if  no  external  work  is  done  while  the  steam  is  condensing,  the  percentage  of 
moisture  is 

By  experiment,  we  find  W.  =  5.796  lbs.,  TT,  =  8.858  lbs.,  (7'  =  0.11,  »  = 
0.35  lbs.,  pt  =  86}  lbs..  /,  =  65.5'  Fah.,  t  =  108.8*  Fah.,  what  is  the  pe^ 
oentage  of  moisture  in  the  steam  ? 

33.  In  a  surface  condenser  the  water  enten  with  a  temperature  of  00'  Fsh., 
and  departs  at  80*"  Fah.  The  mean  temperature  of  the  condenser  is  115"  FtL 
How  much  more  condensing  water  than  steam,  by  weighty  must  be  used  f 
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88.  An  engine  nsinff  steam  of  5  atmospheres  has  a  jet  condenser  in  which  the 
mTerage  pressure  is  0.1  atmosphere.  The  cooling  water  has  a  temperature  of 
00*  Fah.    How  much  more  water  than  steam  must  be  used  ? 

24.  A  boiler  contains  steam  at  a  pressure,  of  6  atmospheres.  When  the  safety 
valve  is  opened,  what  is  the  Yelodty  of  ef&uz,  disreffarding  friction,  and  sup- 
posing the  steam  to  be  dry  ?    How  much  steam  is  conaenaed  during  efflux  ? 

25.  What  diameter  should  the  safety  yaive  of  a  steam  boiler  have,  which 
generates  per  hour  600  lbs.  of  steam  at  6  atmospheres,  for  20-fold  security  ? 

26.  Hot  water  is  allowed  to  flow  from  the  test  cock  of  a  boiler  under  the  press- 
xae  of  6  atmospheres.  What  is  the  specific  steam  weight  at  the  orifice  ?  With 
what  velocity  does  the  mixture  issue  ?  What  is  the  discharge  per  second  ?  How 
much  steam  and  water  are  contained  in  the  mixture  ? 

27.  The  steam  pressure  in  a  boiler  is  5  atmospheres,  the  height  of  suction  8 
feet.  The  condensing  chamber  is  at  the  water  level.  The  engine  uses  20  lbs. 
of  steam  per  minute.  What  should  be  the  area  of  the  mouthmece  of  a  Giffard 
injector  ?  What  of  the  suction  pipe  and  the  feed  pipe  when  the  feed  water  has 
A  temperature  of  60"*  Fah.,  and  the  mixture  of  water  and  steam  120''  Fah.  ? 

28.  If  one  pound  of  dry  saturated  steam  at  8  atmospheres  expands  in  vacuo 
down  to  1  atmosphere,  what  is  the  temperature  ?  How  many  degrees  must  satu- 
rated steam  of  one  atmosphere  be  heated  under  constant  pressure,  in  order  that 
for  the  same  temperature  it  may  have  the  same  volume  ? 

29.  An  engine  works  with  superheated  steam  of  6  atmospheres  and  tempera- 
tore  880°  Fah.  What  is  the  expansion  ratio  when  the  steam  at  the  end  of  expan- 
sion is  just  in  the  saturated  condition  ? 

80.  A  vessel  contains  one  pound  of  pure  saturated  steam  at  5  atmospheres. 
Let  the  steam  in  this  vessel  expand  into  another  in  which  is  a  vacuum,  whose 
volume  is  4  times  as  laree.  Wnat  is  the  final  pressure  and  temperature  ?  And 
is  the  steam  snperheated  ? 

81.  If  saturated  steam  of  5  atmospheres  expands  under  constant  temperature 
down  to  1  atmosphere,  what  is  the  heat  imparted  ?    The  outer  work  done  ? 

82.  Suppose  we  have  10  lbs.  of  saturated  steam  of  5  atmon)here8.  What  is 
the  heat  required  to  generate  it  ?  How  much  heat  is  required  to  generate  the 
same  volume  of  superheated  steam  of  the  same  pressure  ? 

88.  In  a  hot-air  engine  the  heat  furnished  per  hour  to  the  air  is  8200  heat 
nnits,  while  in  the  same  time  10  lbs.  of  coal  are  consumed,  whose  heating  value  is 
700  heat  units.    What  is  the  efficiency  of  the  furnace  ? 

84.  The  boiler  of  an  expansion  engine,  which  furnishes  steam  of  6  atmospheres, 
vaporizes  per  hour,  for  every  horse  power,  00  lbs.  of  water,  and  requires  for  this 
10  lbs.  of  coal,  whose  heating  power  is  700  heat  units.  What  is  the  boiler 
efllciency  ? 

86.  What  would  be  the  delivery  of  a  perfect  steam  engine  udDg  per  hour  200 
Ibe.  of  steam  of  10  atmaspheres  ? 


660 


THERMOD  YNAMICS. 


TABLE  I. 

ExPAVSiTB  Force  of  Steam  for  Temperatures  from  —  82"  up  to  +  280°  C 
OR  —  25.6''  UP  TO  -f  446"  Fah.  Aooordino  to  Rbgnault. 


h 

TXKUOK  OF  6ATUBATSD  BTBAM  OF  WATRL 

is 

is 

Kilognuns  per 
Sqaare  Meier. 

Millimeters 

Atmos- 

Inches  of 

Ponndi  per 

of  Mercury. 

phereB. 

Mercury. 

Sq.  incn. 

-82° 

4.851 

0.820 

0.0004 

0.0126 

0.00618 

-25.6' 

81 

4.786 

0.852 

0.0005 

0.0138 

000680 

28-8 

80 

5.248 

0.886 

0.0005 

0.0152 

0.00746 

22 

29 

5.765 

0.424 

0.0006 

0.0167 

0.00819 

20.2 

28 

6.809 

0.464 

0.0006 

0.0182 

0.00897 

18.4 

27 

6.907 

0.508 

0.0007 

0.0200 

0.00982 

16.6 

26 

7.546 

0.555 

0.0007 

0.0218 

0.01078 

14.8 

25 

8.226 

0.605 

0.0008 

0.0288 

0.01169 

18 

24 

8.974 

0.660 

0.0009 

0.0259 

0.01276 

11.2 

28 

9.776 

0.719 

0.0009 

0.0288 

0.01390 

9.4 

22 

10.646 

0.788 

0.0010 

0.0308 

0.01514 

7.6 

21 

11.598 

0.858 

0.0011 

0.0836 

0.01649 

5.8 

20 

12.605 

0.927 

0.0012 

0.0365 

0.01792 

4 

19 

18.706 

1.008 

0.0013 

0.0397 

0.01949 

2.2 

18 

14.889 

1.095 

0.0014 

0.0431 

0.02117 

0.4 

17 

16.167 

1.189 

0.0015 

0.0468 

0.02299 

+  1.4 

16 

17.540 

1.290 

0.0017 

0.0507 

0.02494 

3.2 

15 

19.086 

1.400 

0.0018 

0.05.51 

0.02707 

6 

14 

20.640 

1.518 

0.0020 

0.0597 

0.02985 

6.8 

13 

22.880 

1.646 

0.0022 

0.0648 

0.03182 

8.6 

12 

24.244 

1.788 

0.0024 

0.0702 

0.03447 

10.4 

11 

26.288 

1.988 

0  0025 

0.0761 

0.08787 

12.2 

10 

28.459 

2.093 

0.0027 

0.0824 

0.04047 

14 

9 

80.825 

2.267 

0.0080 

0.0892 

0.04388 

15.8 

8 

83.881 

2.455 

0.0082 

0.0966 

0.04746 

17.6 

7 

86.141 

2.658 

0.0085 

0.1046 

0.05189 

19.4 

6 

89.105 

2.876 

0.0038 

0.1132 

0.05560 

21.2 

5 

42.328 

8.113 

0.0041 

0.1225 

0.06019 

28 

4 

45.795 

8.868 

0.0044 

0.1326 

0.06512 

24.8 

8 

49.548 

8.644 

0.0048 

0.1484 

0.07046 

26.6 

2 

58.587 

8.941 

0.0052 

0.1552 

0.07620 

28.4 

1 

57.965 

4.26*"^ 

0.0056 

0.1678 

0.08243 

80.2 

0 

62.547 

4.600 

0.0061 

0  1811 

0.08894 

82 

+  1 

67.170 

4.940 

0.0065 

0.1945 

0.09552 

38.8 

2 

72.098 

5.302 

0.0070 

0.2087 

0.10252 

85.6 

8 

77.828 

5.687 

0.0075 

0.2289 

0.10996 

87.4 

4 

82.902 

6.097 

0.0080 

0.2400 

0.11789 

39.2 

5 

88.845 

6.534 

0.0086 

0.2572 

0.12634 

41 

6 

95.154 

6.998 

0.0092 

0.2755 

0.13581 

42.8 

7 

101.871 

7.492 

0.0099 

0.2949 

0.14486 

44.6 

8 

109.009 

8.017 

0.0107 

0.8156 

0.15502 

46.4 

9 

116.588 

8.574 

0.011 

0.8875 

0.16578 

48.2 

10 

124.619 

9.165 

0.012 

0.3608 

0.17721 

50 
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■  SB 

TKHSION  or  BATURATBD  BTXAM  Or  WATIR. 

iTUBB 
BXIT. 

Kllognunfl  per 

Millimeters 

Atmos- 

Inches of 

Pounds  per 
8q.  Inch. 

B9 
8 

58 

Square  Meter. 

of  Mercury. 

pheres. 

Mercary. 

§i 

+ir 

188.146 

9.792 

0.018 

0.8855 

0.18984 

+51.8° 

12 

142.186 

10.457 

0.014 

0.4117 

0.20219 

68.6 

13 

151.778 

11.162 

0.015 

0.4394 

0  21583 

65.4 

14 

161.916 

11.908 

0.016 

0.4688 

0.28026 

67.2 

16 

173.672 

12.699 

0.017 

0.4999 

0.24555 

69 

16 

184.053 

18.539 

0.018 

0.5829 

0.26178 

60.8 

17 

196.086 

14.421 

0.019 

0.6677 

0.27884 

62.6 

18 

208.814 

15.357 

0.020 

0.6046 

0.29694 

64.4 

19 

222.261 

16.346 

0.022 

0.6485 

0.816C6 

66.2 

20 

286.471 

17.891 

0.028 

0.6847 

0.83627 

68 

21 

251.482 

18.495 

0.024 

0.7281 

0.35762 

69.8 

22 

267.809 

19.659 

0.026 

0.7789 

0.88012 

71.6 

28 

284.018 

20.888 

0.028 

0.8224 

0.40889 

78.4 

24 

801.642 

22.184 

0.029 

0.8784 

0.42895 

75.2 

25 

820.216 

23.650 

0.081 

0.9272 

0.45586 

77 

26 

839.769 

24.988 

0.038 

0.9838 

0.48816 

78.8 

27 

846.799 

26.505 

0.084 

1.0041 

0.49316 

80.6 

28 

882.097 

28.101 

0.087 

1.1063 

0.54336 

82.4 

29 

404.955 

29.782 

0.039 

1.1725 

0.57586 

84.2 

80 

428.067 

31.548 

0.042 

1.2420 

0.61001 

86 

81 

454.231 

33.406 

0.044 

1.81o2 

0.64594 

87.8 

82 

480.787 

86.359 

0.047 

1.8921 

0.68370 

89.6 

88 

508.688 

37.411 

0.049 

1.4728 

0.72338 

91.4 

84 

637.977 

89  565 

0.052 

1.5577 

0.76603 

98.2 

85 

568.784 

41.827 

0.065 

1.6467 

0.80876 

95 

86 

601.014 

44.201 

0.068 

1.7402 

0.86467 

96.8 

87 

684.871 

46.691 

0.061 

1.8882 

0.90282 

98.6 

88 

670.874 

49.802 

0.065 

1.9410 

0.95880 

100.4 

89 

707.690 

62.039 

0.068 

2.0488 

1.00622 

102.2 

40 

746.678 

64.906 

0.072 

2.1616 

1.06166 

104 

41 

787.419 

57.910 

0.076 

2.2799 

1.11976 

105.8 

42 

880.188 

61.056 

0.080 

2.4087 

1.18056 

107.6 

48 

874.982 

64.846 

0.085 

2.5838 

1.24419 

109.4 

44 

921.761 

67.790 

0.089 

2.6689 

1.81079 

111.2 

45 

970.725 

71.391 

0.094 

2.8116 

1.88041 

118 

46 

1021.946 

76.158 

0.099 

2.9590 

1.45286 

114.8 

47 

1076.451 

79.098 

0.104 

8.1139 

1.52984 

116.6 

48 

1182.849 

1B8.204 

0.109 

8.2757 

1.60883 

118.4 

49 

1189.750 

87.499 

0.115 

8.4448 

1.69188 

120.2 

60 

1250.707 

91.982 

0.121 

8.6214 

1.77856 

122 

61 

1814.328 

96.661 

0.127 

3.8056 

1.86908 

123.8 

62 

1380.710 

101.543 

0.134 

3.9978 

1.96848 

126.6 

68 

1449.961 

106.686 

0.140 

4.i9as 

2.06191 

127.4 

64 

1522.149 

111.945 

0.147 

4.4078 

2.16456 

129.2 

66 

1597.883 

117  478 

0.156 

4.6251 

2.27156 

131 

66 

1675.775 

123.244 

0.163 

4.8522 

2.38304 

132.8 

67 

1757.464 

129.251 

0.170 

5.0886 

2.49919 

184.6 

68 

1842.602 

135.506 

0.178 

6.3849 

2.62012 

186.4 

69 

1981.020 

142.015 

0.187 

6.5912 

2  74600 

188.2 

60 

2023.156 

148.791 

0.196 

5.8579 

2.87702 

140 

61 

2118.987 

155.839 

0.205 

6.1354 

8.01880 

141.8 

62 

2218.671 

163.170 

0.216 

6.4241 

8.15606 

148.6 
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li 

mrSIOM  OT  SATURATBD  BTXAM  OW  WATEB. 

il 

\\ 

Kilognuns  per 
Bqnue  Meter. 

Millimeters 
of  Mercoxy. 

Atmoe- 
pheres. 

Inches  of 

Poands  per 
8q.  Incli. 

+63- 

3833.396 

170.791 

0.325 

6.7341 

8.80341 

+  145.4' 

64 

3480.037 

178.714 

0.235 

7.0360 

8.45561 

147.3 

65 

3541.947 

186.945 

0.246 

7.3601 

3.61477 

149 

66 

3658.317 

195.496 

0.257 

7.6974 

8.78011 

160.8 

67 

2778.963 

304.376 

0.267 

8.0464 

8.9518 

153.6 

68 

3904.838 

213.596 

0.281 

8.4093 

4.1801 

154.4 

69 

3034.435 

233.165 

0.394 

8.7861 

4.8153 

156.8 

70 

3169.435 

283.093 

0.306 

9.1769 

4.6071 

158 

71 

3309.487 

243.393 

0.320 

9.5834 

4.7063 

159.8 

73 

3454.707 

254.073 

0.334 

10.0039 

4.9127 

161.6 

78 

3605.383 

365.147 

0.349 

10.4889 

5.1268 

168.4 

74 

3761.339 

276.634 

0.864 

10.8908 

5.8488 

165.3 

76 

3933.053 

388.517 

0.380 

11.8590 

6.5787 

167 

76 

4090.584 

800.838 

0.396 

11.8441 

5.8170 

168.8 

77 

4364.113 

313.600 

0.414 

12.8465 

6.0637 

170.6 

78 

4443.747 

826.811 

0.4:J0 

12.8667 

6.8193 

173.4 

79 

4639.717 

340.488 

0.448 

18.4051 

6.6836 

174.2 

80 

4833.187 

a54.643 

0.466 

13.9624 

6.8573 

176 

81 

5031.306 

369.387 

0.486 

14.5389 

7.1405 

177.8 

83 

5337.378 

384.435 

0.506 

15.1354 

7.4334 

179.6 

83 

5439.993 

400.101 

0.526 

15.7521 

7.7363 

181.4 

84 

5660.528 

416.398 

0.548 

16.3898 

8.0525 

183.3 

85 

5888.188 

483.041 

0.570 

17.0490 

8.8733 

186 

86 

6133.463 

450.344 

0.598 

17.7802 

8.7078 

186.8 

87 

6366.541 

468.331 

0.616 

18.4841 

9.0635 

188.6 

88 

6617.639 

486.687 

0.640 

19.1611 

9.4105 

190.4 

89 

6876.957 

505.759 

0.665 

19.9119 

9.7798 

198.3 

90 

7144.701 

525.450 

0.691 

30.6873 

10.1600 

194 

91 

7421.107 

545.778 

0.719 

21.4875 

10.5531 

196.8 

92 

7706.365 

566.757 

0.746 

22.8134 

10.9588 

197.6 

93 

8000.733 

588.406 

0.774 

33.1657 

11.3774 

199.4 

94 

8304.416 

610.740 

0.804 

34.0451 

11.8093 

301.3 

95 

8617.669 

683.778 

0.834 

24.9621 

13.3547 

308 

96 

8940.700 

657.535 

0.865 

25.8874 

13.7141 

204.8 

97 

9373.753 

683.039 

0.897 

26.8518 

13.1877 

206.6 

98 

9617  098 

707.380 

0.931 

37.8459 

18.6759 

308.4 

90 

9970.97 

738.806 

0.965 

28.8705 

14.1793 

210.3 

100 

10333.95 

760.000 

1.000 

29.9215 

14.6954 

312 

101 

10701.07 

787.590 

1.036 

81.0077 

15.3388 

213.8 

103 

11095.58 

816.010 

1.074 

82.1266 

15.7784 

216.6 

103 

11493.53 

845.38 

1.112 

83.2790 

16.8448 

217.4 

104 

11903.31 

875.41 

1.153 

84.4658 

16.9269 

219.2 

105 

13334.73 

906.41 

1.193 

35.6857 

17.5268 

231 

106 

13795.19 

938.31 

1.335 

36.9416 

18.1483 

382.8 

107 

13304.88 

971.14 

1.378 

38.2843 

18.7779 

234.6 

108 

13664.0 

1004.91 

1.332 

89.5637 

19.4809 

236.4 

109 

14136.4 

1039.65 

1.368 

40.9314 

30.1037 

8S8.3 

110 

14622.1 

1075.37 

1.415 

43.8377 

30.7988 

330 

111 

15133.4 

1113.09 

1.463 

43.7834 

31.5084 

231.8 

113 

15634.6 

1149.83 

1.613 

46.2693 

33.2881 

388.6 

118 

16161.8 

1188.61 

1.564 

46.7961 

33.9829 

285.4 

114 

16703.8 

1338.47 

1.616 

48.8654 

38.7687 

887.2 
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+115* 
116 
117 
118 
110 
190 
131 
122 
128 
124 
125 
126 
127 
128 
129 
180 
181 
182 
188 
184 
186 
186 
187 
188 
189 
140 
141 
142 
148 
144 
145 
146 
147 
148 
149 
150 
151 
152 
158 
164 
155 
156 
157 
158 
169 
160 
161 
162 
168 
164 
165 
166 


Tmnoir  cm  satubatid  rbaic  o7  watdl 


Kiliogmmper 

Xillimetera 

Sqnare  Meter. 

of  Xeicnrj. 

17260.5 

1269.41 

17882.5 

1811.47 

18419.7 

1854.66 

19022.9 

1899.02 

19641.9 

1444.55 

20377.4 

1491.28 

20929.6 

1589.25 

21598.9 

1588.47 

22285.4 

1688.96 

22989.8 

1690.76 

28712.0 

1748.88 

24452.7 

1798.85 

25212.1 

1854.20 

25990.8 

1911.47 

26788.7 

1970.15 

27606.8 

2080.28 

28444.7 

2091.94 

29802.6 

2155.08 

80181.8 

2219.69 

81082.8 

2285.92 

82004.4 

2858.78 

82948.4 

2428.16 

38914.8 

2494.28 

84904.8 

2567.00 

85916.4 

2641.44 

86952.4 

2717.68 

88012.2 

2795.57 

89096.8 

2875.80 

40206.3 

2956.86 

41889.8 

8040.26 

42499.0 

8125.55 

48684.6 

8212.74 

44896.5 

8801.87 

46185.4 

8892.98 

47401.4 

8486.09 

48695.0 

8581.28 

60016.7 

8678.48 

51867.1 

8777.74 

52746.1 

8879.18 

54154.9 

8982.77 

55598.4 

4088.56 

57062.8 

4196.59 

58561.9 

4806.88 

60092.6 

4419.45 

61655.1 

4584.86 

68249.5 

4651.62 

64875.5 

4771.28 

66586.6 

4898.86 

68280.0 

5017.91 

69957.7 

5144.97 

71719.5 

5274.54 

78516.4 

5406.69 

pbares. 


1.670 
1.726 
1.782 
1.841 
1.901 
1.962 
2.025 
2.091 
2.157 
2.225 
2.295 
2.866 
2.480 
2.515 
2.592 
2.671 
2.758 
2.886 
2.921 
8.008 
8.097 
8.188 
8.282 
8.878 
8.476 
8.576 
8.678 
8.788 
8.890 
4.000 
4.118 
4.227 
4.844 
4.464 
4.587 
4.712 
4.840 
4.971 
5.104 
5.240 
5.880 
5.522 
5.667 
5.815 
5.966 
6.120 
6.878 
6.489 
6.608 
6.770 
6.940 
7.114 


Inches  of 
Xercuiy. 


49.9772 
51.6881 
58.8885 
55.0800 
56.8725 
58.7128 
60.6009 
62.5887 
64.5265 
66.5659 
68.6578 
70.8017 
78.0006 
75.2554 
77.5656 
79.9829 
82.8605 
84.8444 
87.8901 
89.9976 
92.6678 
95.4008 
98.1989 
101.0689 
108.9946 
106.9942 
110.0627 
118.2018 
116.4128 
119.6968 
128.054 
126.427 
129.996 
188.588 
187.249 
140.994 
144.821 
148.781 
152.725 
156.808 
160.968 
165.126 
169.565 
178.998 
178.511 
188.119 
187.847 
192.656 
197.572 
202.568 
207.655 
212.861 


Ponnde  per 
8q.  Inch. 


24.5458 
25.8586 
26.1987 
27.0514 
27.9818 
28.8854 
29.7629 
80.7146 
81.6909 
82.6925 
88.7196 
84.7729 
85.8528 
86.9602 
88.0948 
89.257 
40.450 
41.660 
42.920 
44.200 
45.612 
46.854 
48.228 
49.685 
51.075 
52.548 
54.050 
55.597 
57.174 
58.786 
60.442 
62.117 
68.675 
65.600 
67.408 
69.244 
71.126 
78.051 
75.005 
77.004 
79.061 
81.148 
88.279 
85.454 
87.678 
89.986 
92.257 
94.624 
97.084 
99.488 
101.986 
104.548 


+289 
240.8 
242.6 
244.4 
246.2 
248 
249.8 
251.6 
258.4 
255.2 
257 
258.8 
260.6 
262.4 
264.2 
266 
267.8 
269.6 
271.4 
278.2 
275 
276.8 
278.6 
280.4 
282.2 
284 
285.8 
287.6 
289.4 
291.2 
293* 
294.8 
296.6 
298.4 
800.2 
802 
808.8 
805.6 
807.4 
809.2 
811 
812.8 
814.6 
816.4 
818.2 
820 
821.8 
828.6 
825.4 
827.2 
829 
880.8 
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1 

TXNBIOH  OF  BATUBJLTSD  STEAM  OF  WATXB. 

Si* 

h 

Kilograms  per 
Sqoare  Meter. 

Millimeters 

Atmos- 

Inches  of 

Pounds  per 

<  ** 

of  Mercury. 

pheree. 

Mercojy. 

Square  inch. 

+  167'* 

75398.5 

5541.48 

7.291 

218.157 

107.144 

+332.6* 

168 

77216.6 

5678.82 

7.472 

223.578 

109.804 

834.4 

169 

79121.3 

5818.90 

7.656 

229.079 

112.508 

336.2 

170 

81062.5 

5961.66 

7.844 

234.704 

115.271 

338 

171 

83041.8 

6107.19 

8.036 

240.449 

118.092 

889.8 

172 

85057.6 

6255  48 

8.231 

246.284 

120.958 

841.6 

178 

87112.5 

6406.60 

8.430 

252.238 

123.882 

348.4 

174 

89205.8 

6560.55 

8.632 

258.282 

126.851 

345.2 

175 

91338.9 

6717.43 

8.839 

264.476 

129.825 

347 

176 

93511.6 

6877.22 

9.049 

270.759 

132.978 

348.8 

177 

95724.6 

7039.97 

9.263  . 

277.163 

136.123 

350.6 

178 

97978.8 

7205.72 

9.481 

283.686 

139.827 

852.4 

179 

100273.6 

7374.52 

9  703 

290.328 

142.589 

354.3 

180 

102610.5 

7546.39 

9.929 

297.090 

145.910 

356 

181 

104989.8 

7721.87 

10.150 

803.708 

149.158 

357.8 

182 

107412.2 

7899.52 

10.394 

311.004 

152.744 

359.6 

183 

109877.6 

8080.84 

10.633 

818.155 

156.256 

361.4 

184 

112:^87.1 

8265.40 

10.876 

825.426 

159.827 

868.3 

185 

114941.1 

8453.23 

11.123 

382.817 

163.457 

865 

186 

117539.8 

8644.35 

11.374 

340.827 

167.145 

866.8 

187 

120184.1 

8838.82 

11.630 

347.987 

170.907 

368.6 

188 

122874.5 

9036.38 

11.885 

355.617 

174.655 

370.4 

189 

125611.2 

9237.95 

12.155 

368.696 

178.622 

873.3 

190 

128395.2 

9442.70 

12.425 

871.775 

182.590 

374 

191 

131226.6 

9650.93 

12.699 

379.973 

186.617 

375.8 

192 

134106.2 

9862.71 

12.977 

888.291 

190.702 

877.6 

193 

137034.3 

10078.04 

13.261 

896.789 

194.876 

879.4 

194 

140011.7 

10297.01 

13.549 

405.406 

199.108 

881.2 

195 

143038.8 

10519.63 

13.842 

414.173 

203  414 

383 

196 

146111.7 

10745.95 

14.139 

423.059 

207.778 

884.8 

197 

149232.6 

10975.00 

14.441 

432.095 

212.216 

886.6 

198 

153415.4 

11209.82 

14.749 

441.812 

228.147 

888.4 

199 

155649.9 

11447.46 

15.062 

450.678 

221.342 

390.2 

200 

159576.8 

11688.96 

15.380 

460.193 

226.015 

892 

201 

162914.7 

11984.37 

15.703 

469.857 

230.762 

393.8 

202 

165663.5 

12183.69 

16.081 

479.671 

235.582 

895.6 

203 

169104.7 

12487.00 

16.364 

489.635 

240.475 

897.4 

204 

172607.9 

12694.30 

16.708 

499.779 

245.457 

899.2 

205 

176163.8 

12955.66 

17.047 

510.072 

250.612 

401 

206 

179769.4 

13221.12 

17.396 

520.514 

255.641 

402.8 

207 

18:i437.9 

13490.75 

17.751 

531.136 

260.858 

404.6 

208 

187158.2 

13764.53 

18.111 

541.908 

266.148 

406.4 

209 

190940.4 

14042.52 

18.477 

652.859 

271.527 

408.2 

210 

194774.3 

14834.80 

18.848 

563.960 

276.978 

410 

211 

198680.5 

14611.32 

19.226 

575.271 

282.534 

411.8 

212 

202628.1 

14902.22 

19.608 

586.701 

288.147 

418.6 

213 

206648.0 

15197.48 

19.997 

598.340 

293.864 

415.4 

214 

210719.6 

15497.17 

20  891 

610.129 

299.654 

417.2 

215 

214853.1 

15801.33 

20.791 

622.098 

805.532 

419 

216 

219048.7 

16109.94 

21.197 

634.246 

811.498 

420.8 

217 

224143.4 

16423.15 

21.690 

648.997 

818.743 

422.6 

218 

227625.9 

16740.90 

22.027 

659.080 

828.695 

424.4 
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4  ^ 

TSR8ION  or  SATVSATXD  8TVAM  OF  WATXB. 

ft 

KilofinramB  per 
Squ&re  Meter. 

Millimetera 

Atmos- 

Inches  of 

Pounds  per 

of  Mercury. 

pherefl. 

Mercury. 

Square  inch. 

+  219° 

282017.8 

17068.29 

22.452 

671.797 

820.941 

+426.2* 

220 

286461.5 

17890.86 

22.883 

684.664 

336.260 

428 

221 

240977.4 

17722.18 

28.819 

697.789 

84-3.682 

429.8 

222 

245544.9 

18058-64 

28.761 

710.965 

849.177 

481.6 

228 

250184.9 

18309.94 

24.210 

724.890 

355.776 

438.4 

224 

254907.2 

18746.07 

24.606 

788.044 

862.477 

435.2 

225 

259671.5 

19097.04 

25.128 

751.867 

869  266 

487 

226 

264507.8 

19452.92 

25.596 

765.871 

876.143 

488.8 

227 

269516.4 

19813.70 

26.071 

780.084 

388. 124 

440.6 

228 

274387.0 

20179.61 

26.552 

794.476 

890.192 

442.4 

229 

279480.0 

20550.48 

27.040 

809.077 

897.864 

444.2 

280 

284545.8 

20926.40 

27.585 

828.888 

404.688 

446 
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TABLE  n. 

FIZHGIPIL  TABLE  FOB  8ATU1UT1SD  8TBAM  0¥ 

French  Units, 


1 

9 

8 

4 

5 

6 
Inner  latent 

Steam  pressare 

• 

Temperature 

taeau 

C. 

Heat  of  liquid 

p 

Atmoepherep. 

Inmilllmeten 
of  barometer. 

Oognunaper 
8q.  meter. 

P 

t 
OP^e  890) 
(Regnanlt.) 

(page  asp) 
(Regnanlt.) 

o.wi/.i 

0.1 

76 

1088.4 

46.21 

46.282 

688.848 

0.2 

152 

2066.8 

60.45 

60.589 

527.584 

0.8 

228 

8100.2 

60.49 

69.687 

620.433 

0.4 

804 

4138.6 

76.25 

76.499 

515.086 

0.6 

880 

6167.0 

81.71 

82.017 

510.767 

0.6 

456 

6200.4 

86.82 

86.662 

607.121 

0.7 

582 

7238.8 

90.32 

90.704 

608.957 

0.8 

606 

8267.2 

93.88 

94.304 

601.141 

0.9 

684 

9300.6 

97.06 

97.543 

496.610 

1.0 

760 

10834.0 

100.00 

100.500 

49^.300 

1.1 

886 

11367.4 

102.68 

103.216 

494.180 

1.2 

912 

12400.8 

105.17 

105.740 

492.210 

1.8 

988 

13434.2 

107.50 

108.104 

490.367 

1.4 

1064 

14467.6 

109.68 

110.316 

488.643 

1.5 

1140 

15501.0 

111.74 

112.408 

487.014 

1.6 

1216 

16534.4 

113.69 

114.389 

485.471 

1.7 

1292 

17567.8 

115.54 

116.269 

484.006 

1.8 

1368 

18601.2 

117.30 

118.059 

.482.616 

1.9 

1444 

19634.6 

118.99 

119.779 

481.279 

2.0 

1520 

20668.0 

120.60 

121.417 

480.005 

2.1 

1596 

21701.4 

122.15 

122.995 

478.779 

2.2 

1672 

22734.8 

123.64 

124.513 

477.601 

2.8 

1748 

23768.2 

126.07 

125.970 

476.470 

2.4 

1824 

24801.6 

126.46 

127.386 

475.370 

2.5 

1900 

25835.0 

127.80 

128.753 

474810 

2.6 

1976 

26868.4 

129.10 

130.079 

473.262 

2.7 

2052 

27901.8 

130.35 

131.354 

472.293 

2.8 

2128 

28935.2 

131.57 

132.599 

471.828 

2.9 

2204 

29968.6 

132.76 

133.814 

470.387 

8.0 

2280 

81002.0 

188.91 

134.989 

469,477 

8.1 

2856 

32035.4 

135.03 

138.133 

468.591 

8.2 

2432 

33068.8 

136.12 

137.247 

467.729 

8.8 

2508 

84102.2 

137.19 

138.341 

466.883 

8.4 

2584 

85135.6 

138.23 

139.404 

466.060 
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TABLE  II. 

nOVGIPAL  TABLB  VOB  BATURATBD  8TKAM  OF  WATUk 

Fnnch  UnUa. 


7 

8 

9 

10 

11 

tt 

Oater  latent 

Valnesof 

heat 
Apu, 

Cab.  metreci  per 

p. 

DiffeieDce. 

KlI.  per  cab. 

Diflerenoe. 

page  407. 

kil.. 
|M«e40S. 

tt 
Pi«e407. 

ineter.« 
page4ia 

85.404 

14.5508 

87.08 

• 

0.0687 

86.704 

7.5421 

69.95 

82.92 

0.1326 

0.0689 

87.574 

5.1888 

101.27 

81.82 

0.1945 

619 

88,171 

8.9154 

181.55 

80.28 

0.2558 

608 

88.687 

8.1705 

161.10 

29.55 

0.8158 

600 

89.045 

2.6700 

189.98 

28.88 

0.8744 

591 

89.887 

2.8066 

218.29 

28.86 

0.4880 

586 

89.688  . 

2.0355 

246.20 

27.91 

0.4910 

580 

89.957 

1.8216 

278.72 

27.52 

0.5487 

577 

40.200 

1.6494 

800.90 

27.18 

0.6059 

573 

40.421 

1.5077 

827.77 

26.87 

0.6628 

569 

40.026 

1.8891 

854.85 

26.58 

0.7194 

566 

40.816 

1.2882 

880.66 

26.81 

0.7757 

568 

40.998 

1.2014 

406.78 

26.07 

0.8817 

660 

41.159 

1.1258 

432.58 

25.85 

0.8874 

557 

41.815 

1.0595 

458.22 

25.64 

0.9480 

556 

41.468 

1.0007 

488.66 

25.44 

0.9988 

553 

41.603 

0.9488 

508.08 

25.27 

1.0634 

551 

41.784 

0.9012 

584.08 

25.10 

1.1064 

550 

41.861 

0.8588 

558.94 

24.91 

1.1681 

547 

41.981 

0.8202 

588.72 

24.78 

1.2177 

546 

42.096 

0.7851 

608.84 

24.62 

1.2721 

544 

42.207 

0.7529 

682.82 

24.48 

1.8264 

548 

42.814 

0.7284 

657.14 

24.82 

1.8805 

541 

42.416 

0.6961 

681.86 

24.22 

1.4845 

540 

42.515 

0.6709 

705.48 

24.07 

1.4888 

538 

42.610 

0.6475 

729.42 

28.99 

1.5420 

587 

42.702 

0.6257 

758.24 

28.83 

1.5956 

586 

42.791 

0.6054 

776.97 

28.78 

1.6490 

584 

42.876 

0.5864 

800.61 

28.64 

1.7024 

584 

42.960 

0.5686 

824.18 

28.52 

1.7550 

582 

48.040 

0.5518 

847.57 

28.44 

1.8088 

582 

48.119 

0.5861 

870.88 

28.81 

1.8618 

580 

48.196 

0.5218 

894.00 

38.21 

1.9147 

629 
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TABLE  IL.'-canUnued. 

PBINCTPAL  TABLE  FOB  SATURATED  STEAM  OF 

French    UtwU, 


1 

2 

8 

4 

6 

6 
Inner  latent 

Steam  pressure 

» 

Temperature 

heat 

C. 

Heat  of  liquid 

p 

Atmospheres. 

In  millimeters 
of  barometer. 

Kilojj^rams  per 

sq.  meter. 

P 

t 

(page  890) 

(Kegnault.) 

q 

(page  390) 
(Reguault.) 

0.79lt] 

8.5 

2660 

• 

86169.0 

189.24 

140.438 

465.261 

8.6 

2736 

37202.4 

140.23 

141.450 

464.478 

8.7 

2812 

38235.8 

141.21 

142.453 

463.703 

8.8 

2888 

39269.2 

142.15 

143.416 

462.959 

8.9 

2964 

40302.6 

143.08 

144.368 

462.224 

4.0 

8040 

41336.0 

144.00 

145.310 

461.496 

4.1 

3116 

42369.4 

144.89 

146.222 

460.792 

4.2 

8192 

43402.8 

145.76 

147.114 

460.104 

4.3 

8268 

444:36.2 

140.61 

147.985 

459.431 

4.4 

3344 

45469.6 

147.46 

148.857 

458.759 

4.5 

3420 

46503.0 

148.29 

149.708 

458.103 

4.6 

8496 

47536.4 

149.10 

150.539 

457.462 

4.7 

3572 

48569.8 

149.90 

151.360 

456.829 

48 

3648 

4960J.2 

150.69 

152.171 

456.204 

4.9 

3724 

50636.6 

151.46 

152.961 

455.595 

5.0 

8800 

51670.0 

152.22 

153.741 

454.994 

5.1 

3876 

52703.4 

152.97 

154.512 

454.401 

5.2 

3952 

53736.8 

153.70 

155.262 

453.828 

5.8 

4029 

54770.2 

154.43 

156.012 

453.246 

6.4 

4104 

55803.6 

155.14 

156.741 

452.684 

5.5 

4180 

56837.0 

155.85 

157.471 

452.123 

5.6 

4256 

57870.4 

156.54 

158.181 

451.577 

5.7 

4332 

58903.8 

157.22 

158.880 

451.039 

5.8 

4408 

59937.2 

157.90 

159.579 

450.501 

5.9 

4484 

60970.6 

158.56 

160.259 

449.979 

6.0 

4500 

62004.0 

159.22 

160.938 

449,457 

6.1 

4036 

63037.4 

159.87 

161.607 

448.948 

6.2 

4712 

64070.8 

160.50 

162.255 

448.444 

6.8 

4788 

65104.2 

161.14 

162.915 

447.938 

6-4 

4864 

66137.6 

161.76 

163.553 

447.448 

6.5 

4940 

67171.0 

162.37 

164.181 

446.965 

6.6 

5016 

68204.4 

162.98 

164.810 

446.483 

6.7 

5092 

69237.8 

163.58 

165.428 

446.008 

6.8 

5168 

70271.2 

164.18 

166.047 

445.534 

6.9 

5244 

71304.6 

164.76 

166.645 

445.075 
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TABLE  TL—eofUvMied, 

VaiXCIFAL  TABLE  FOR  gATUSATED  8TBAX  OF  WATBB. 

French    Units. 


7 

8 

9 

10 

11 

19 

Outer  latent 

Values  of 

beat 

Apu, 

page  407. 

fi 

Cub.  meters  per 

kil., 

page  405. 

u 
page  407. 

Difference. 

Kll.  percnb. 
•meter, 
page  410. 

DUference. 

48.289 

0.5072 

917.2 

1.9676 

48.842 

0.4940 

940.8 

23.1 

2.0203 

0.0627 

48.413 

0.4814 

963.2 

22.9 

2.0729 

526 

48.480 

0.4696 

986.1 

22.9 

2.1255 

626 

48.548 

0.4581 

1008.9 

22.8 

2.1780 

625 

48.614 

0.4474 

1081.6 

22.7 

2.2803 

628 

48.677 

0.4371 

1064.2 

22.6 

2.2826 

528 

48.789 

0.4273 

1076.8 

22.6 

2,3349 

628 

48.799 

0.4179 

1099.8 

22.5 

2.3871 

622 

48.869 

0.4090 

1121.7 

22.4 

2.4391 

620 

48.918 

0.4004 

1144.0 

22.8 

2.4911 

520 

48.975 

0.3922 

1166.3 

22.8 

2.5430 

619 

44.080 

0.3844 

1188.5 

22.2 

2.5949 

619 

44.085 

0.3768 

1210.6 

22.1 

2.6467 

618 

44.189 

0.8696 

1232.7 

22.1 

2.6984 

617 

44.192 

0.8626 

1254.7 

22.0 

2.7500 

616 

44.248 

0.3559 

1276.6 

21.9 

2.8016 

616 

44.293 

0.3495 

1298.5 

21.9 

2.8531 

616 

44.848 

0.3438 

1320.8 

21.8 

2.9046 

615 

44.392 

0.3373 

1342.1 

21.8 

2.95G0 

614 

44.441 

0.3315 

1368.8 

21.7 

8.0078 

618 

44.487 

0.3259 

1383.4 

21.6 

3.0586 

618 

44.588 

0.3205 

1407.0 

21.6 

8.1098 

612 

44.579 

0.8153 

1428.5 

21.5 

8.1610 

612 

44.623 

0.3103 

1450.0 

21.5 

8.2122 

612 

44.667 

0.3054 

1471.5 

21.5 

8.2632 

610 

44.710 

0.3007 

1492.9 

21.4 

8.3142 

610 

44.758 

0.2962 

1514.2 

21.8 

8.3652 

610 

44.794 

0.2917 

1535.5 

21.3 

8.4161 

609 

44.886 

0.2874 

1556.7 

21.2 

8.4670 

609 

44.876 

0.2888 

1577.9 

21.2 

8.5178 

608 

44.916 

0.2792 

1599.0 

21.1 

8.5686 

607 

44.956 

0.2758 

1620.1 

21.1 

8.6192 

607 

44.994 

0.2715 

1641.2 

21.1 

8.0699 

607 

46.032 

0.2678 

1662.2 

21.0 

8.7206 

607 
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TABLE  IL— eofUifitM?. 

niHOtPAL  TABLB  FOE  BATUSATBD  SRAM  OF  WATBB. 

Frenek   Untia. 


1 

Atmo8|ihere8. 

t 

Steim  pressure 

In  millimeters 
of  barometer. 

8 

Eaiogmmsper 

sq.  meter. 

P 

4 

Tempentare 

t 
(page  800) 
(Itegiuuilt) 

5 

HeatofUqaid 
g 

ObE^^aalC) 

6 

Inner  latent 

heat 

rp*l?5.t8— 

7.00 

5820 

72888.0 

165.84 

167.243 

444.610 

7.25 

5510 

74921.5 

186.77 

168.718 

443.485 

7.60 

5700 

77505.0 

168.15 

170.142 

442.398 

7.75 

5890 

80088.5 

169.50 

171.585 

441.885 

8.00 

0060 

82672.0 

170.81 

172.888 

440.289 

8.25 

0270 

85255.5 

172.10 

174.221 

439.269 

8.50 

6460 

87839.0 

178.35 

175.514 

438.280 

8.75 

6650 

90422.5 

174.57 

176.775 

437.815 

9.00 

6840 

93006.0 

175.77 

178.017 

436.866 

0.25 

7080 

95589.5 

176.94 

179.228 

435.440 

0.50 

7220 

98173.0 

178.08 

180.408 

484539 

0.75 

7410 

100756.5 

179.21 

181.579 

433.645 

10.00 

7600 

103840.0 

180.81 

182.719 

482.775 

10.25 

7790 

105928.5 

181.38 

183.828 

431.928 

10.50 

7980 

103507.0 

182.44 

184.927 

481.090 

10.75 

8170 

111090.5 

188.48 

186.005 

430.267 

11.00 

8860 

118674.0 

184.50 

187.065 

429.460 

11.25 

8550 

116257.5 

185.51 

188.118 

428.661 

11.50 

8740 

118841.0 

186.49 

189.181 

427.886 

11.75 

8980 

121424.5 

187.46 

190.139 

427.119 

12.00 

9120 

124008.0 

188.41 

191.126 

426.368 

12.25 

9810 

126591.5 

189.85 

192.104 

425.624 

12.50 

9500 

129175.0 

190.27 

193.060 

424.896 

12.75 

9690 

131758.5 

191.18 

194.007 

424.177 

18.00 

9880 

134342.0 

192.08 

aV4*V44 

423.465 

18.25 

10070 

136925.5 

192.96 

195.860 

422.769 

18.50 

10260 

139509.0 

198.88 

196.766 

422.080 

18.75 

10450 

142092.5 

194.69 

197.662 

421.400 

14.00 

10640 

144676.0 

195.58 

198.587 

420.786 
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TABLE  H.'—eowtinmd, 

VBJSCIPAL  TABLB  FOB  8ATURATSD  BTBAM  OF  WATEBm 

JPitMh  UniU. 


7 

8 

• 

10 

11 

19 

Outer  latent 
heat 

-^^^ 
pege«7. 

Yalai 

u 

Cub.  meters  per 

kil., 

page«)BL 

eeof 

P. 

u 

pi«e«7. 

Difference. 

y 

EJ].  per  cab. 

meter, 

page  410. 

Difference. 

40.070 
45.162 
45.250 
40.887 

0.2642 
0.2556 
0.2475 
0.2400 

1688.0 
1785.2 
1787.1 
1888.7 

52.2 
51.9 
51.6 

8.7711 
8.8974 
4.0284 
4.1490 

0.1268 
1260 
1256 

45.420 
45.501 
45.578 
46.654 

0.2829 
0.2268 
0.2200 
0.2141 

1890.1 
1941.2 
1992.1 
2042.8 

51.4 
51.1 
60.9 
50.7 

4.2745 
4.8997 
4.5248 
4.6495 

1255 
1252 
1251 
1247 

45.727 
45.796 
45.868 
40.985 

0.2065 
0.2081 
0.1981 
0.1988 

2098.8 
2143.5 
2198.5 
2248.8 

50.5 
50.2 
60.0 
49.8 

4.7741 
4.8985 
5.0226 
5.1466 

1246 
1244 
1241 
1240 

46.001 
46.064 
46.127 
46.189 

0.1887 
0.1844 
0.1802 
0.1768 

2298.0 
2842.5 
2891.7 
2440.7 

49.7 
49.5 
49.2 
49.0 

5.2704 
5.8941 
5.5174 
5.6405 

1288 
1287 
1288 
1281 

46.247 
46.806 
46.862 
46.417 

0.1725 
0.1689 
0.1654 
0.1621 

2489.5 
2588.2 
2586.8 
2685.2 

48.8 
48.7 
48.6 
48.4 

5.7686 
5.8864 
6.0092 
6.1818 

1281 
1228 
1228 
1226 

46.471 
46.524 
46.576 
46.626 

0.1589 
0.1558 
0.1529 

0.1500 

* 

2688.4 
2781.4 
2779.8 
2827.0 

48.2 
48.0 
47.9 
47.7 

6.2548 
6.8765 
6.4986 
6.6206 

1225 
1222 
1221 
1220 

46.676 
46.724 
46.772 

46.818 

0.1478 
0.1447 
0.1421 
0.1897 

2874.5 
2922.0 
2969.8 
8016.5 

47.5 
47.5 
47.8 
47.2 

6.7424 
6.8642 
6.9857 
7.1072 

1218 
1218 
1215 
1215 

46.864 

0.1878 

8068.4 

46.9 

7.2288 

1211 
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TABLE  ll.--cwtinued. 


VKDXClPAlj  TABLE  FOB  SATU&ATKD  STEAM  OF  WATEB. 


EngUah  UnUa, 


c 


1 

% 

8 

4 

6 

6 

Inner  latent 

heat 

Steam  ] 

prennre. 

Temperature 

Heat  of  liquid 

P 

AtmoBpheree. 

Fahrenheit 

q 

(page  407) 

Inches  of 
mercury. 

Poandfl  per 
square  Inch. 

(page  800) 
(Regnaolt). 

(page  890) 
(Regnault). 

[p=lU05.7S- 
0791  «-8?)J 

0.1 

2.9921 

1.4696 

116.4876 

83.3076 

969.9264 

0.2 

5.9848 

2.9392 

140.8100 

109.0602 

949.6512 

0.8 

8.9764 

4.4088 

156.282 

125.4366 

936.7794 

0.4 

11.9686 

6.8784 

169.26 

187.6983 

927.1548 

0.6 

14.9607 

7.3479 

179.078 

147.6306 

919.3806 

0.6 

17.9529 

8.8175 

187.376 

166.9916 

913.8178 

0.7 

20.9450 

10.2872 

194.756 

163.2672 

907.1236 

0.8 

23.9372 

11.7567 

200.984 

169.7472 

902.0638 

0.9 

26.9293 

13.2264 

206.744 

176.6774 

897.498 

1.0 

29.9216 

14.6959 

212. 

180.9 

893.34 

1.1 

82.9136 

16.1656 

216.824 

ia5.7888 

889.624 

1.2 

85.9058 

17.6852 

221.306 

190.833 

885.978 

1.8 

88.8979 

19.1047 

226.5 

194.6873 

882.6606 

1.4 

41.8900 

20.5743 

229.424 

198.6688 

879.5674 

1.5 

44.8823 

22.0439 

238.132 

202.8344 

876.6262 

1.6 

47.8744 

23.5135 

286.642 

206.9002 

873.8478 

1.7 

50  8665 

24.9881 

239.972 

209.2842 

871.2144 

1.8 

53.8587 

26.4527 

243.14 

212.6062 

868.';t)88 

1.9 

56.8508 

27.9223 

246.182 

215.6022 

866.8022 

2.0 

69.8430 

29.3919 

249.08 

218.5616 

864.009 

2.1 

62.8352 

30.8615 

251.87 

231.391 

861.8033 

2.2 

65.8273 

83.8311 

254.552 

224.1284 

859.6818 

2.3 

68.8195 

83.8007 

257.136 

236.746 

857.646 

2.4 

71.8116 

85.2703 

259.628 

229.2948 

866.666 

2.5 

74.8088 

86.7399 

262.04 

281.7664 

853.758 

2.6 

77.7959 

38.2095 

264.88 

284.1423 

861 .  9076 

2.7 

80.7881 

39.6791 

2G6.63 

236.4872 

850.1374 

2.8 

83.7802 

41.1487 

268.826 

238.6783 

848.8904 

2.9 

86.7724 

42.6183 

270.968 

240.8662 

846.6966 

8.0 

89.7646 

44.0879 

273.038 

242.9802 

845.0686 

8.1 

93.7667 

45.5575 

276.054 

245.0394 

&43.4638 

3.2 

96.7488 

47.0271 

277.016 

247.0446 

841.9122 

8.3 

98.7410 

48.4967 

278.942 
2^.814 

249.0138 

840.3894 

8.4 

101.7832 

49.9668 

250.9272 

838.908 
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TABLE  n.— eon/ftiMMd. 


PRINCIPAL  TABLB  FOB  BATU&ATBD  8TBAM  OF  WATER. 


English  Units, 


7 

6 

9 

10 

11 

12 

Values  of 

Outer  latent 

u 

p 

r 

iMAt 

Cable  feet  per 

DUferencei. 

Ponndt  per  cnblc 

Differences. 

Apa 

poand 

« 

foot 

(page  407). 

(page  407). 

(page  405). 

(page  405). 

e8.8853 

238.0879 

4.161 

0.004290 

66  1752 

120. 8162 

7.860 

8.699 

0.008277 

0.008987 

67.6332 

82.318 

11.879 

8.510 

0.012142 

0.008865 

68.7078 

62.7204 

14.782 

8.408 

0.015936 

0.008794 

60.6466 

50.788 

18.102 

8.820 

0.019688 

0.008747 

70.281 

42  7765 

21.342 

8.240 

0.028872 

0.C08689 

70.8:l'J6 

86.9812 

24.528 

8.186 

0.027030 

0.003658 

71.4384 

82.6064 

27.664 

8.186 

0.080651 

0.008621 
0.008600 

71.9226 

29.180 

80.757 

8.098 

0.084253 

72.86 

26.4216 

88.812 

8.055 

0.037824 

0.008671 

72.7578 

24.1517 

86.88 

8.018 

0.041376 

0.003552 

78.1268 

22.252 

89.819 

2.989 

0.044909 

0.008588 
0.003514 

78.46^ 

2(».6855 

42.774 

2.955 

0.048428 

78.7ei74 

19.2451 

45.703 

2.929 

0.051919 

0.003486 

74.0862 

18.084 

48.608 

2.905 

0.055897 

0.008478 

74.867 

18.972 

51.489 

2.871 

0.058868 

0.008471 

74  6384 

16.0801 

54.847 

2.858 

0.062820 

0.008468 

74.8836 

15.1907 

57.187 

2  840 

0.005759 

0.008489 

75.1212 

14.4862 

60.007 

2.820 

0.069198 

0.008484 

75.3408 

18.757 

62.806 

2.799 

0.072608 

0.008415 

7i5. 58.38 

13 . 1887 

65.591 

2.785 

0.076016 

0.008408 

75.7728 

12.5764 

68.357 

2.766 

0.079412 

0.008896 

75.9726 

12.0606 

71.108 

2.751 

0.082802 

0.008890 

76.1652 

11.5888 

73.841 

2.788 

0.086179 

0.008877 

76.8488 

11.1507 

76.562 

2.721 

0.089550 

0.008871 

76.527 

10.747 

79.267 

2.705 

0.092909 

0.008859 

76.698 

10.8722 

81.963 

2.696 

0.096261 

0.008852 

76.8686 

10.028 

84.689 

2.676 

0?099607 

0.008846 

77.0288 

9.6978 

87.806 

2.667 

0.10294 

0.008888 

77.1768 

9.8985 

89.963 

2.656 

1'  0.10627 
^  0.10059 

0.00888 

77.828 

9.1088 

92.605 

2.648 

0.00888 

77.472 

8.8894 

95.289 

2.634 

0.11292 

0.00888 

77.6052 

8.5877 

97.858 

».619 

0.116*22 

0.00880 

77.7528 

8.8507 

100.466 

2.608 

0.11958 

0.00880 

43 
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TABLE  ll.—e(mtMm$d, 


VaiRCtPMlA  TABLB  FOK  SATUEATID  VTRAM  OF  WARS. 


EngUsh  UnUs. 


1 

s 

s 

4 

6 

6 
Inner  kteot  heal 

steam  I 

^reasare. 

Temperatnie 

Heiaoritqiild 

P 

Atmospheres. 

Inches  of 
mercary. 

Foandsper 
square  Inch. 

Fahrenheit. 
(K^aolt) 

q 

(page  890) 

(B^ianlt.) 

0.791  (<-«)]. 

8.5 

104.7258 

51.4850 

282.682 

252.7884 

837.4698 

8.6 

107.7174 

52.9065 

284.414 

254.610 

686.0001 

8.7 

110.7096 

54.8751 

286.176 

256.4154 

884.6654 

8.8 

118.7017 

55.8447 

287.87 

258.1486 

688.8862 

8.9 

116.6989 

67.8148 

289.644 

269.8624 

888.0052 

4.0 

119.6860 

68.7889 

291.2 

261.668 

630.6988 

4.1 

122.6782 

60.2686 

292.802 

268.1996 

629.4256 

4.2 

125.6704 

61.7281 

294.868 

264.6062 

628.1672 

4.» 

128.6625 

68.1927 

296.898 

266.378 

626.9758 

4.4 

131.6547 

64.6628 

297.824 

267.9426 

625.7662 

4.5 

184.6468 

66.1819 

298.928 

269.4744 

824.6854 

4.6 

186.689 

67.6015 

800.88 

270.9 

828.4816 

4.7 

140.6811 

69.0711 

801.82 

272.446 

622.2922 

4.8 

148.6288 

70.5407 

808.24^ 

27i).9078 

821.1678 

4.9 

146.6154 

72.0108 

864.626 

276.8298 

820.071 

6.0 

149.6076 

78.4799 

806.996 

276.7888 

816.98B9 

5.1 

152.5997 

74.9496 

807.846 

278.1216 

817.9218 

5.2 

155.5919 

76.4191 

808.66 

279.4716 

616.8614 

5.8 

158.5840 

77.8887 

809.974 

280.8216 

616.8426 

6.4 

161.5762 

79.8682 

811.252 

262.1888 

614.8818 

5.6 

164.6688 

80.8279 

812.68 

288.4478 

613.8214 

5.6 

167.5605 

82.2976 

818.772 

284.7268 

618.8886 

5.7 

170.5526 

88.7671 

814.996 

286  984 

611.6702 

5.8 

178.5448 

85.2867 

816. 22 

287.2423 

810.9018 

5.9 

176.5869 

86.7068 

817.408 

268.4662 

809.968^ 

6.0 

179.6291 

88.1768 

818.596* 

289.6884 

809.0826 

6.1 

182.6212 

89.6455 

819.766 

290.8926 

806.0974 

6.2 

186.5184 

91.1151 

820.9 

292.069 

807.1992 

6.8 

188.5056 

92.5847 

822.052 

298.247 

806.8884 

6.4 

191.4977 

94.0648 

828.168 

294.8954 

606.4064 

6.5 

194.4899 

96.6288 

824.266 

295.6206 

604.637 

6.6 

197.4820 

96.9986 

825.864 

296  668 

808.6694 

6.7 

200.4724 

98.4681 

826.444 

297.7704 

602.6144 

6.8 

208.4668 

99.9826 

827.624 

298.8846 

601.9612 

6.9 

206.4585 

101.4022 

828.668 

899.961 

801.185 
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TABLE  ll.'-^eoMmed. 


TMISOaikL  TABLB  FOB  BATURATKD  BTBAM  OV  WATEB. 


Bngtith  UniU, 


7 

8 

9 

10 

11 

18 

Outer  Iti/BnX 

beat 

Apu 

(page  4m) 

Vail 
u 
Cable  feet  per 
poaiid. 

(page40r) 

eaof 

(pafe«B) 

DIfferanoea. 

y 

Pbnnde  per  eabic 

foot. 

(page  410) 

IMiferenoea. 

77.8842 

78.0156 

78.1484 

78.264 

78.8864 

8.1248 
7.9188 
7.7116 
7  6208 
7.8888 

108.062 
105.668 
108.282 
110.806 
118.867 

2.596 
2.596 
2.574 
2.574 
2.661 

0.12288 
0.12612 
0.12940 
0.18268 
0.18596 

0.00880 
0.00829 
0.00828 
0.00828 
0.00828 

78.5052 
78.6186 
78.7802 
78.8882 
78.9462 

7.1668 
7.0019 
6.8449 
6.6948 
6.6517 

116.92 

118.457 

120.994 

128.525 

126.042 

2.558 
2.587 
2.587 
2.528 
2.517 

0.18928 
0  14249 
0.14576 
0.14902 
0.15226 

0.00827 
0.00826 
0.00826 
0.00826 
0.00826 

79.0624 

79.155 

79.264 

79.858 

79.4502 

6.4140 
6.2827 
6.1577 
6.0859 
5.9206 

128.548 
181.054 
188.548 
186.081 
188.515 

2.506 
2.506 
2.494 
2.488 
2.484 

0.15651 
0.15875 
0.16199 
0.16522 
0.16846 

0.00826 
0.00824 
0.00824 
0.00828 
0.00828 

79.5456 
79.6874 
79.7274 
79.8174 
79.9056 

6.8084 
5.7011 
5.5986 
5.4998 
5.4081 

140.987 

148.448 

145.91 

148.86 

150.808 

2.472 
2.462 
2.462 
2.450 
2.448 

0.17167 
0.17489 
0.17811 
0.18188 
0.18458 

0.00829 
0.00822 
0.00822 
0.00822 
0.00820 

79.9988 
80.0766 
80.1694 
80.2422 
80.8214 

5.8102 
5.2205 
5.1841 
6.0507 
4.9707 

158.246 

155.678 

158.10 

160.516 

162.982 

2.488 
2.427 
2.427 
2  416 
2.416 

0.18778 
0.19098 
0.19418 
0.19788 
0.20052 

0  00820 
0.00820 
0.00820 
0.00820 
0.00319 

80.4006 

80.478 

80.5554 

80.6292 

80.7048 

4.8922 
4.8169 
4.7448 
4.6711 
4.6088 

165.848 

167.758 

170.146 

172.54 

174.921 

2.416 
2.405 
2.898 
2.894 
2.881 

0.20871 
0.20689 
0.21007 
0.21825 
0.21648 

0.00819 
0.00818 
0.00818 
0.00818 
0.00818 

80.7768 
80.8488 
80  9208 
80.9892 
81.0576 

4.6881 

4.4724 

4.410 

4.8492 

4.2899 

177.804 

179.675 

182.046 

184.42 

186.776 

2.888 
2.871 
2.871 
2.874 
2.856 

0.21960 
0.22277 
0.22598 
0.22909 
0.28226 

0.00817 
0.00817 
0.00816 
0.00816 
0.00816 
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TABLE  U.—eoniinutd. 


FEDTOIPAL  TABLE  FOE  SATURATED  STEAM  OF  WATEft. 


English  Unita. 


1 

s 

8 

4 

6 

6 

Atmofpherofl. 

Steam  i 

Inches  of 
mercary. 

Hressnre. 

Ponndfl  per 
square  inch. 

Temperatore 
Fahrenheit. 

(K^aolt.) 

Heat  of  Uqaid 

g 

(page  MO) 

(Be^iaalt.) 

Inner  latent  heat 
0.791  U- 88)]. 

7.0 

7.25 

7.50 

7.76 

209.4506 
216.981 
224.4114 
281.8918 

102.8718 
106.5458 
110.2198 
118.8988 

829.612 
882.186 
884.67 
887.1 

801.0874 
808  6924 
806.2556 
806.768 

800.8088 
798.273 
796.8074 
794.885 

8.0 
8.25 
8.50 
8.75 

289.8722 
246.8526 
254.888 
261.8184 

117.6678 
121.2418 
124.9158 
128.5898 

889.458 

841.78 
844.08 
846.226 

811.1984 
818.5978 
815.9252 
818.195 

792.6203 
790.6843 
788.904 
787.167 

9.0 
9.25 
9.50 
9.76 

269.2988 
276.7743 
284.2569 
291.7851 

132.2688 
185.9878 
189.6118 
148.2858 

848.886 
860.492 
852.644 
864.678 

820.4309 
822.6104 
824.7844 
826.8422 

785.4588 
788.792 
783.1703 
780.661 

10.0 
10.25 
10.50 
10.75 

299.2154 
806.6958 
814.1768 
8  :i .  6667 

146.9598 
160.6888 
154.8078 
157.9818 

856.668 
858.484 
860.892 
862.264 

828.8942 
880.8904 
882.8686 
884.809 

778.996 
777.4704 
775.962 
774.4806 

U.O 
11.25 
11.60 
11.75 

829.1871 
886.6175 
844.0979 
851.5788 

161.6557 
165.8298 
169.0087 
1?2.6778 

864.1 
865.918 
867.682 
869.428 

886.717 
888.6034 
340.4868 
842.2502 

778.038 

771.5898 
770.1948 
768.8143 

12.0 
12.25 
12.50 
12.75 

859.0587 
866.5891 
874.0195 
881.6 

176  8517 
180.0257 
188.6997 
187.3787 

871.138 
872.88 
874.486 
876.124 

844.0268 
846.7872 
847.608 
849.2126 

767.4^4 
766.1283 
764.8128 
768.5186 

18  0 
18.25 
18.50 
18.75 

888.98 
896.4607 
408.9411 
411.4216 

191.0477 
194.7217 
198.8957 
202.0697 

877.744 
879.828 
880  894 
882.442 

850.8992 
862.548 
854.1788 
865.7916 

762.287 
760.9843 
759.744 
768.53 

14.0 

418.9019 

205.7487 

888.954 

867.8666 

757.8348 
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TABLE  ll.—eontinM€d. 


pRnraPAL  table  for  satubated  stbam  of  watbe. 


Sngluh  Units, 


7 

8 

$ 

10 

11 

12 

Outer  latent 

heat 

Apu 

(page  407) 

yala« 

Cable  feet  per 

ponnd. 

(page  405) 

not 
± 

(page  407) 

Dlflerencea. 

y 

Ponnds  per  cubic 

foot. 

(page  410) 

DlfleTences. 

81.126 
81.2916 
81.45 
81.6066 

4.2822 
40944 
8.9646 
8.8445 

189.114 
194.979 
200.811 
206.61 

2.888 
5.865 
5.882 
5.799 

0.28541 
0.24829 
0.251  li6 
0.25900 

0.008111 
0.00788 
0.00787 
0.00784 

81.756 
81.9018 
82.0404 
82.1772 

8.7808 
8.6250 
8.5242 
8.4296 

212.874 

218.127 

223.85 

229.548 

5.764 
5.758 
5.728 
5.698 

0.26684 
0.27465 
0.28246 
0.29025 

0.00784 
0.00781 
0.00781 
0.00780 

82.8086 
82.4864 
82.5624 
82.6880 

8.8899 
8.2584 
8.1788 
8.0964 

285.22 
240.86 
246.477 
252.078 

5.677 
5.640 
5.617 
5.596 

0.29808 
0.80579 
0.81854 
0.82128 

0.00778 
0.00776 
0.00775 
0.00774 

82.8018 
82.9152* 
88.0286 
88.1402 

8.0228 
2.9589 
2.8862 
2.8241 

257.66 
268.22 
268.75 
274.254 

5.587 
5.560 
5.580 
5.504 

0.82901 
0.88678 
0.84448 
0.85211 

0.00778 
0.00772 
0.00770 
0.00768 

88.2446 
88.8508 
88.4516 
88.5506 

2.7688 
2.7056 
2.6495 
2.5966 

279.74 
285.21 
290.67 
296.11 

5.486 
5.47 
.     5.46 
5.44 

0.85979 
0.86746 
0.87518 
0.88278 

0.00768 
0.00767 
0.00767 
0.00765 

88.6478 
88.7482 
88.8868 
88.9268 

2.5454 
2.4958 
2.4498 
2.4028 

801.526 
806.92 
812.80 
817.66 

5.41 
5.40 
5.88 
5.86 

0.89048 
0.89806 
0.40568 
0.41829 

0.00765 
0.00768 
0.00762 
0.00761 

84.0168 
84.1082 
84.1896 
84.2724 

2.8596 
2.8179 
2.2768 
2.2878 

828.00 
828.887 
888.652 
838.955 

5.84 
5.84 
5.81 
5.80 

0.42090 
0.43850 
0.48609 
0.44867 

0.00761 
0.00760 
0.00769 
0.00758 

84.8552 

2.1994 

844.225 

5.27 

0.45128 

0.00756 
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TABLE  no. 

SATUftATKD  STEAM  OV  WATEK. 

French  UnUt, 


1 

2 

Tempera- 

Abetolnte 

ture 

tempera- 

c. 

ture 

t 

T 

0 

273 

6 

278 

10 

283 

15 

288 

20 

298 

25 

298 

80 

803 

85 

808 

40 

818 

45 

818 

60 

828 

65 

828 

60 

888 

65 

888 

70 

848 

75 

818 

80 

858 

85 

858 

90 

868 

95 

868 

100 

878 

105 

878 

110 

888 

115 

888 

120 

893 

125 

898 

180 

403 

185 

408 

1^ 

418 

145 

418 

150 

428 

155 

428 

160 

488 

165 

488 

170 

448 

175 

448 

180 

468 

185 

458 

100 

468 

195 

468 

200 

478 

8 

4 

6 

FMfSQTo  in 

Total  heat 

IMfler- 

Heat  of 

millime- 

W 

encea. 

Uqoid 

terts  of  ba- 

(Begnaalt) 

^          «'           ,     V 

rumeter 
P 

dkgiutalt) 

4600 

606.500 

0.000 

6.584 

608.025 

1.525 

5.000 

9.165 

609.550 

10.002 

12.699 

611.075 

15.005 

17.891 

612.600 

20.010 

23.550 

614.125 

26.017 

81.548 

615.650 

80.026 

41.827 

617.175 

85.037 

54.906 

618.700 

40.051 

71.390 

620.225 

45.068 

91.980 

621.750 

50.087 

117.475 

623.275 

55.110 

148.786 

624.800 

60.137 

186.988 

626.325 

65.167 

283.082 

627.850 

70.201 

288.500 

629.375 

75.239 

854.616 

680.900 

80.282 

433.002 

632.425 

85.329 

525.892 

683.950 

90.381 

633.692 

635.475 

95.438 

760.000 

687.000 

100.600 

906.410 

688.525 

105.568 

1075.370 

640.050 

110.641 

1269.410 

641.575 

115.721 

1491.280 

648.100 

120.806 

1743.880 

644.625 

125.898 

2080.280 

646.150 

130.997 

2353.780 

647.675 

136.103 

2717.680 

649.200 

141.215 

8125.550 

650.725 

146.834 

8581.230 

652.250 

161.462 

4068.560 

658.775 

156.598 

4651.620 

655800 

161.741 

5274.540 

656.825 

166.892 

5961.660 

658.850 

172.052 

6717.430 

659.875 

177.220 

7546.890 

661.400 

182.398 

8458.280 

602.925 

187.584 

9442.700 

664.450 

192.780 

10519.680 

665.975 

197.985 

11688.960 

667.500 

<< 

208.900 

Dlfler- 
encea. 


6.000 
5.002 
5.003 
5.006 

6.007 
5.009 
5.011 
5.014 
5.017 

5.019 
5.028 
5.027 
5.080 
5.034 

5.088 
5.048 
5.047 
5.052 
5.057 

5.062 
5.068 
5.073 
5.080 
5.085 

5.092 
5.009 
5.106 
5.112 
5.119 

6.128 
6.136 
5.143 
5.151 
5.160 

6.168 
6.178 
6.186 
6.196 
5.206 

6.215 


Total  latnit 
heat 


006.500 
003.025 
699.548 
696.070 
692.500 

689.106 
686.624 
582.188 
578.649 
675.167 


Differ 


3.475 
8.477 
8.478 
3.480 

3.482 
8.484 
8.486 
8.489 
3.492 


671.663  a494 
668.165  3.498 
664.663  i  3.502 
661.168  !  3.605 


657.649 

654.186 
650.618 
547.096 
643.669 
640.087 

586.500 
532.957 
529.409 
626.854 
622.294 

618.727 
515.153 
611.572 
507.985 
504.391 


8.509 

8.518 
8.518 
3.522 
8.527 
8.532 

S.637 
3.543 
8.548 
8.555 
8.560 

8.667 
8.574 
8.681 
8.587 
3.594 


600.788  3.608 
497.177  I  3.611 
493.559    8.618 


489.983 
486.298 

482.666 
479.002 
475.841 
471.670 
467.990 

464.800 


8.6B6 
3.685 

8.643 
3.653 
3.661 
8.671 
8.680 

3.690 
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TABLE  no. 

SAXnUTB)  ITKAM  OF  WATBU 

FrtKMk  JMU. 


I 


7 

8 

9 

10 

u 

1 

Outer  latont 

Differ- 

Steftmhcat 

Differ- 

Inner  latent 

Diffei> 

Yalne  of 

Tern- 

heat 

ence. 

/=  fT- 

euce. 

heat 

ence. 

tnrs. 

Apu 

Apu 

ptmr-Apv 

« 

c. 
t 

81.071 

576.48 

676.48 

210.66 

2.782 

0 

81.475 

0.404 

576.65 

1.13 

571.65 

8.88 

160.28 

3.806 

5 

81.893 

0.417 

677.66 

1.11 

567.66 

8.87 

108.51 

5.231 

10 

88.818 

0.426 

578.70 

1.10 

568.76 

8.01 

79.846 

7.104 

15 

82.765 

0.487 

579.84. 

1.08 

559.88 

8.92 

58.720 

9.532 

20 

88.201 

0.446 

580.92 

1.08 

556.91 

8.92 

48.968 

12.645 

25 

88.656 

0.465 

581.99 

1.07 

561.97 

8.94 

83.266 

16.502 

80 

84.119 

0.468 

688.00 

1.07 

548.02 

8.05 

25.436 

21.646 

85 

84588 

0.469 

68411 

1.05 

544.06 

8.06 

19.644 

27.696 

40 

85.064 

0.476 

685.16 

1.05 

540.09 

8.07 

15.316 

35.264 

45 

85.544 

0.480 

586.21 

1.05 

586.12 

8.97 

12.040 

44.492 

50 

86.027 

0.488 

687.25 

1.04 

582.14 

8.08 

0.5613 

65.646 

65 

86.512 

0.485 

588.29 

1.04 

528.15 

8.99 

7.6531 

60.020 

60 

86.996 

0.484 

689.88 

1.04 

524.16 

8.99 

6.1711 

84038 

65 

87.478 

0.482 

590.87 

1.04 

520.17 

8.99 

5.0180 

108.746 

70 

87.965 

0.477 

591.42 

1.05 

516.18 

8.99 

41024 

125.825 

75 

88.425 

0.470 

692.47 

1.06 

512.19 

8.99 

8.3789 

151.587 

80 

88.885 

0.460 

698.54 

1.07 

508.21 

8.08 

2.8003 

181.482 

85 

89.882 

0.447 

69462 

1.08 

50424 

3.07 

2.3344 

216.008 

00 

89.762 

0.480 

696.71 

1.09 

500.27 

8.97 

1.9566 

256.687 

05 

40.200 

0.488 

696.79 

1.08 

496.29 

8.98 

1.6406 

800.856 

loo 

40.681 

0.481 

597.89 

1.10 

492.88 

8.96 

1.3978 

852.218 

105 

41.048 

0.417 

699.00 

1.11 

488.86 

8.97 

1.1903 

410.292 

110 

41.457 

0.400 

600.12 

1.12 

484.40 

8.06 

1.0184 

475.658 

115 

41.868 

0.401 

601.24 

1.12 

480.44 

8.96 

0.8752 

548.902 

120 

42.250 

0.892 

602.87 

1.13 

476.48 

8.96 

,   0.7655 

680.685 

125 

42.684 

0.884 

608.52 

1.15 

472.62 

8.96 

0.6548 

721.607 

130 

48.010 

0.876 

60466 

1.14 

468.66 

8.00 

0.5698 

822.321 

135 

48.877 

0.887 

605.82 

1.16 

464.61 

8  06 

0.4977 

988.475 

140 

48.785 

0.858 

606.99 

1.17 

460.66 

3.06 

0.4863 

1055.726 

145 

44.086 

0.851 

608.16 

1.17 

456.70 

8.96 

0.8889 

1189.786 

150 

44.428 

0.842 

609.85 

1.19 

452.75 

3.95 

0.8888 

1336.166 

155 

44.761 

0.888 

610.54 

1.21 

448.80 

8.05 

0.3001 

1495.686 

160 

45.066 

0.825 

611.74 

1.20 

44485 

8.05 

0.2665 

1668.926 

165 

45.408 

0.817 

612.05 

1.21 

440.89 

8.06 

0.2375 

1856.538 

170 

45.711 

0.808 

61416 

1.21 

486.94 

8.95 

0.2122 

2059.147 

175 

46.012 

0.299 

615.89 

1.28 

482.99 

8.96 

0.1901 

2277.866 

180 

46.804 

0.292 

616.62 

1.28 

429.04 

3.95 

0.1708 

2511.787 

186 

46.589 

0.285 

617.86 

1.24 

425.08 

3.96 

0.1588 

2762.974 

190 

46.864 

0.275 

619.11 

1.25 

421.18 

3.05 

0.1389 

3031.464 

196 

47.188 

0.269 

620.87 

1.26 

417.17 

3.96 

0.1257 

8817.795 

200 
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TABLE  Ila.— €on/»nteec?. 

SATUBATBD  8TKAH  OF  VATBt. 

Englitih  Units. 


1 

8 

8 

* 

5 

m 

« 

^i 

Preasnre  in 

« 

Heat  of 

1 ' 

Tempentt 
Fahrenh 

inchee  of 

mercttiy 

P 

Total  heat 

W 
(Begnaolt). 

llqaid 

q 
(Regnaalt). 

ToUl  latent 
heat 

82 

491.4 

0.1811 

1091.7 

2.745 

0.0000 

1091.7 

41 

500.4 

0.2572 

1094.445 

9.0000 

9. 

1085.445   6.255 

60 

509.4 

0.8608 

1097.19 

18.0036 

9.0086 

1079.1864  6.25^ 

59 

518.4 

0.5000 

1099.935 

27.0090 

9.0054 

1072.926   6.2604 

68 

527.4 

0.6847 

1102.68 

86.0180 

9.009 

1066.G62 

6.264 

77 

536.4 

0.9272 

• 

1105.425 

46.0306 

9.0126 

10(S0.8944  6.2676 

86 

545.4 

1.2420 

1108.170 

64.0468 

9.0162 

1054.1232,6.2718 

05 

554.4 

1.6167 

1110.916 

63.0666 

9.0198 

1047.8484  6.2748 

104 

563.4 

2.1617 

1118.66 

72.0918 

9.0252 

1041.5682  6.2802 

118 

572.4 

2.8106 

1116.406 

81.1224 

9.0806 

1085.2826  6.2856 

122 

581.4 

3.6218 

1119.16 

90.1566 

9.0342 

1028.99846.2883 

131 

590.4 

4.6250 

1121.895 

99.1988 

9.0414 

1022.697   6.2964 

140 

599.4 

5.8577 

1124.64 

108.2466 

9.0478 

1016.3934  6.3036 

149 

608.4 

7.8598 

1127.885 

117.3006 

9.0540 

1010.0844  6.8090 

15S 

617.4 

9.1765 

1180.18 

126.8618 

9.0612 

1008.7662 

6.8182 

167 

626.4 

11.3588 

1132.875 

185.4802 

9.0684 

997.4448 

6.8214 

176 

635.4 

18.9614 

1135.62 

144.5076 

9.0774 

991.1124 

6.8324 

185 

644.4 

17  0475 

1138.366 

153.5922 

9.0926 

984.7728 

6.8S96 

194 

658.4 

20.6849 

1141.11 

162.6858 

9.0936 

978.4242 

6.8486 

208 

662.4 

24.9487 

1143.865 

171.7884 

9.1026 

972.0666 

6.3676 

212 

671.4 

29.9215 

1146.6 

180.9000 

9.1116 

965.7000 

6.3666 

221 

680.4 

85.6867 

1149.845 

190  0224 

9.1224 

959.8226 

6.8T74 

280 

689.4 

42.3878 

1162.09 

199.1638 

9.1314 

952.9362 

6.3864 

289 

698.4 

49.0872 

1154.885 

208.2978 

9.1440 

946.637 

6.3992 

248 

707.4 

58.7128 

1157.68 

217.4608 

9.1630 

940.1292 

6.4078 

257 

716.4 

68.6578 

1160.826 

226.6164 

9.1656 

938.7066 

6.4906 

266 

725.4 

79.9329 

1168.07 

286.7946 

9.1782 

927.2754 

6.4882 

275 

734.4 

92.6663 

1165.815 

244.9854 

9  1908 

920.8296  6.4458 

284 

748.4 

106.9942 

1168.66 

254.1870 

9.2016 

914.878 

6.4566 

293 

752.4 

123.0542 

1171.805 

263.4012 

9.2142 

907.9088 

6.4693 

802 

761.4 

140.9945 

1174.05 

272.6316 

9.2804 

901.41846.4854 

811 

770.4 

160.96i33 

1176.796 

281.8764 

9.2448 

894.9186  6.4998 

820 

779.4 

183.1862 

1179.64 

291.1388 

9,2674 

888.4062 

6.5124 

829 

788.4 

207.6609 

1182.286 

800.4066 

9.2718 

881.8794 

6.5268 

838 

797.4 

284.7181 

1185.03 

809.6986 

9.2880 

875.8364 

6.54S0 

847 

806.4 

264.4681 

1187.776 

318.996 

9.3024 

868.770 

6.5574 

8>6 

815.4 

297.1046 

1190.62 

328.8164 

9.8204 

862.2036 

6.5754 

865 

824.4 

882.8078 

1198.265 

887.6512 

9.8348 

855.6188 

6.5898 

874 

828.4 

871.7631 

1196.01 

847.004 

9.8528 

849.006  '6.6068 

888 

842.4 

414.1628 

1198.766 

366.878 

9.3690 

842.382 

G.6240 

892 

861.4 

460.1998 

1201.6 

«< 

866.76 

9.8870 

886.74 

6.6420 
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TABLE  lla,^<imU%wuitd, 

BATUBATBD  STEAH   OF  WATKB. 

Bngluik  UnU$. 


7 

i 

8 

1 

0 

i 

10 

11 

Outer 

steam 

t 

?_ 

S2 

latent 

8 

beat 

Inner  lat. 

« 

#j 

8 

heat 

« 

j=Tr- 

heat 

i 

■# 

5  K** 

A^ni. 

P 

Apu, 

S 

P=r^Apu 

p 

It 

55.9278 

1085.774 

1085.774 

8874.5441 

0.8069 

82 

56.656 

0.7272 

1087.70 

2.016 

1028.790 

6.984 

2406.5212 

0.4275 

41 

57.40560.75061 

1080.788 

1.998 

1021.780 

7.010 

1788.2122 

0.5878 

50 

58.17240.7668.1041.768 

1.980 

1014.758 

7.027 

1271 . 0866 

0.7982 

59 

58.059 

0.7866 

1048.712 

1.944 

1007.708 

7.050 

940.6805 

1.0711 

68 

50.7618 

0.8028  1045.656 

1.944 

1000.682 

7.071 

704.2894 

1.4198 

77 

60. 5808;0.8100;  1047.582 

1.926 

998.542 

7.090 

582.8^*51 

1.8463 

86 

61. 414210.8854  1040.501 

1.919 

986.434 

7.108 

407.4570 

2.4209 

95 

62.2584  0.8442, 

1051.402 

1.901 

979.809 

7.125 

814.6755 

8.102 

104 

68.1152 

0.8568 

1058.289 

1.887 

972.166 

7.148 

245.8290 

8.9624 

118 

68.0792 

0.8640 

1055.170 

1.881 

965.014 

7.152 

198.01187 

4.9908 

122 

64.8486 

0.8694 

1057.046 

1.876 

957.848 

7.166 

158.1606 

6.2517 

181 

65.7216 

0.8780 

1058.018 

1.872 

950.671 

7.177 

122.5948 

7.6556 

140 

66.5028 

0.8712 

1060.702 

1.874 

948.491 

7.180 

98.8548 

9.4532 

149 

67.4604 

0.8676 

1062.668 

1.871 

986.805 

7.186 

80.81722 

11.6576 

158 

68.810 

0.8586 

1064.556 

1.898 

929.125 

7.180 

65.71598 

14.1886 

167 

69.105 

0.8460 

1066.455 

1.899 

921.947 

7.178 

54.1263 

17.C884 

176 

60.003 

0.8280 

1068.872 

1.917 

914.779 

7.168 

44.8677 

20.3926 

185 

70.7076 

0.8046 

1071.8124 

1.940 

907.626 

7.158 

87.89454 

24.2616 

194 

71.5716 

0.7740 

1072.2884 

1.971 

900.495 

7  181 

81.8426 

28.7298 

208 

72.860 

0.7074 

1074.281 

1.947 

898.881 

7.164 

26.42479 

83.8068 

212 

72.1858 

0.7668 

1076.200 

1.978 

886.186 

7.145 

22.89128 

29.5777 

221 

78. 88(J4  0.7506 

1078.208 

1.994 

879.049 

7.187 

19.06781 

46.0942 

280 

74.6226 

0.7362 

1080.202 

1.999 

871.914 

7.185 

16.81366 

58.4467 

239 

75.8444 

0.7218 

1082.285 

2.088 

864.774 

7.140 

14.01977 

61.5879 

248 

76.05 

0.7056 

1084.275 

2.040 

857.658 

7.116 

12.10228 

69.8673 

257 

76.7412 

0.6012 

1086.828 

2.058 

850.584 

7.124 

10.48918 

81.08M9 

266 

77.418 

0.6768 

1088.807 

2.069 

848.411 

7.128 

9.12757 

92.4019 

275 

78.0786 

6.6606 

jlOOO.481 

2.084 

886.294 

7.117 

7.97261 

104.8919 

284 

78.728 

0.6444 

1002.582 

2.101 

829.180 

7.114 

6.98905 

118.6289 

298 

70.8548 

0.6818 

1004.605 

2.118 

822.068 

7.117 

6.14966 

182.6759 

802 

70.0704 

0.6156 

1006.824 

2.129 

814.948 

7.115 

5.42720 

150.1811 

811 

80.5608 

0.5004 

1008.070 

2.146 

807.886 

7.112 

4.80727 

168.0649 

320 

81.1548 

0.5850 

1101.180 

2.160 

800.724 

7.112 

4.26904 

186.8415 

329 

81.7254 

0.5706 

1108.804 

2.174 

793.611 

7.118 

8.80449 

208.6089 

888 

82.2708 

0.5544 

1105.495 

2.191 

786.5 

7.111 

8.39921 

281.3805 

847 

82.8216 

0.5418 

1107.698 

2.203 

779.882 

7.118 

8.04519 

255.9011 

866 

8:^.8472 

0.5256 

1109.917 

2.219 

772.266 

7.116 

2.78608 

282.2424 

865 

88.8602 

0.5180 

1112.147 

2.282 

765.145 

7.121 

2.46870 

310.2766 

874 

84.8552 

0.4050 

1114.899 

2.250 

758.026 

7.119 

2.22502 

840.6360 

888 

84.8804 

0.4842 

1116.660 

2.261 

750.9 

7.126 

2.01857 

872.8022 

893 
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TABLE  III. 


AUXILIARY  TABLES  FOB  8ATUBATBD  8TBAM  OF  WATBB  ( 

French  Meawres. 


). 


Pressure 

r 

in  acmos- 
phero*. 

(pa8»4a5) 

T 

(page  438) 

(page  888) 

T 

(page  485) 

r 
Arm 

0.5 

126.747 

0.26273 

549.404 

1.54887 

14.229 

1 

148.47 

0.81356 

536.500 

1.43884 

18.844 

2 

170.639 

0.86814 

621.866 

1.82588 

12.453 

8 

188.778 

0.40205 

512.358 

1.25913 

11.935 

4 

193.168 

0.42711 

505.110 

1.21129 

11.668 

6 

200.457 

0.44698 

499.186 

1.17395 

11.284 

6 

206.894 

0.46392 

494.124 

1^14822 

11.062 

7 
8 

211.481- 
215.862 

0.47840 
0.'49120 

489.686 
485.709 

~  1J11714  , 
1.09441 

10  866 
10.684 

9- 

219.726 

0.50270 

482.093 

1.07425 

10.535 

10 

223.178 

0.51297 

478.776 

1.06617 

10.401 

11 

226.292 

0.52266 

475.707 

1.03980 

10.280 

12 

229.134 

0.53150 

472.889 

1.02477 

10.168 

18 

231.752 

0.58975 

470.141 

1.01088 

10.066 

14     . 

234.165 

0.54744 

467.600 

0.99801 

9.971 

TABLE  llL'-c(mtiMJLed. 


AUZILLLBT  TABLBS  FOB  SATURATED  STBAM  OF  WATEB. 

English  Mecuurea, 


Pre89iire 

r 

p 

q 

r 

r 

r 

in  atmoa- 
phcrea. 

(pagettQ) 

(page  486) 

(Pi«e8B8) 

(page  4*) 

Ap^ 

0.6 

228.144 

0.88252 

988.927 

1.54887 

14.229 

1 

267.246 

0.38385 

905.700 

1  48834 

18.344 

2 

807.150 

0.48793 

939.358 

1.82588 

12.453 

8 

8:^0.800 

0.47184 

922.285 

1.25918 

11.935 

4 

347.693 

0.49690 

909.198 

1.21129 

11.568 

5 

360.822 

0.51672 

898.535 

1.17895 

11.284 

6 

371.509 

0.53371 

889  428 

1.14822 

11.052 

7 

380.606 

0.54819 

881. 4a5 

1.11714 

10.866 

8 

888.553 

0.56099 

874.276 

1.09441 

10.684 

9 

395.507 

0.57249 

867.767 

1.07425 

10.535 

10 

401 .  720 

0.58276 

881.797 

1.05617 

10.401 

11 

407.326 

0.59245 

856.072 

1.08U80 

10.280 

12 

412.441 

0.60129 

851.110 

1.02477 

10.168 

18 

417.154 

0.60954 

846.254 

1.01068 

10.066 

14 

411.497 

0.61723 

841.680 

0.99801 

9.971 
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TABLE  V. 


m  = 

1.18S 

m  = 

1.186 

X=i 

1 

X=t 

a9 

Pi 

1 

••—1 

1 

»— 1 

p 

(r 

-(I)- 

w 

>-©  ■ 

0.9 

0.9114 

0.0125 

0.9106 

0.0116 

0.8 

0.8215 

0.0262 

0.8201 

0.0245 

0.7 

0.7308 

0.0416 

0.7288 

0.0888 

0.6 

0.6876 

0.0590 

0.6850 

0.0552 

0  6 

0.5430 

0.0792 

0.6400 

0.0741 

0.45 

0.4949 

0.0907 

0.4917 

0.0849 

0.4 

0.4461 

0.1088 

0.4429 

0.0968 

0.85 

0.8966 

0.1175 

0.8938 

0.1101 

0.8 

0.8462 

0.1885 

0.8430 

0.1252 

0.25 

0.2948 

0.1521 

0.2916 

0.1428 

0.2 

0.2423 

0.1748 

0.2892 

0.1637 

0.15 

0.1880 

0.2021 

0.1852 

0.1901 

0.12 

0.1544 

0.2280 

0.1519 

0.2099 

0.1 

0.1315 

0.2897 

0.1293 

0.2257 

0.08 

0.1080 

0.2596 

0.1059 

0.2447 

0.06 

0.0889 

• 

0.2845 

0.0820 

0.2685 
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TABLE  VI. 

SATDKATED  8TBAH  OF  BTBEB  (CiHi^O) 

French  UnitB. 


0 
10 
20 
80 
40 

60 
60 
70 
80 
00 

100 
110 
IdO 


^1 


278 
288 
203 
808 
818 

828 
888 
848 
858 
868 

878 
883 
898 


PreflBiire  In 
millimeCen 

P 


184.89 
286.88 
432.78 
684.80 
907.04 

1264.88 
1725.01 
2804.90 
8022.79 
8898.26 

4953.80 
6214.68 
7719.20 


4 

t 

5 

■ 

6 

Total  heat 

1 

Heat  of 

Total  latent 

W 

Ig 

liquid 

S 

heat 

"" 

Q 

r 

94.00 

0.00 

94.00 

98.44 

4.44 

5.82 

5.82 

98  12 

102.78 

4.84 

10.70 

5.88 

92.08 

107.00 

4.22 

16.14 

5.44 

90.86 

111.11 

4.11 

21.68 

5.49 

89.48 

115.11 

4.00 

27.19 

5.56 

87.92 

119.00 

8.89 

82.80 

5.61 

86.20 

122.78 

8.78 

88.48 

6.68 

84.80 

126.44 

3.66 

44.21 

6.78 

82.23 

180.00 

8.56 

50.00 

5  79 

80.00 

188.44 

8.44 

55.86 

5.86 

77.58 

186.78 

8.84 

61.77 

5.91 

75.01 

140.00 

8.22 

67.74 

5.97 

72.26 

0.88 
1.04 
1.8S 
1.88 

.1.56 
1.72 
1.90 
2.07 
2.23 

2.42 
2.57 
2.75 


Unglish  Units. 


82 

50 

68 

86 

104 

122 
140 
158 
176 
194 

212 

280 
248 


491.4 
609.4 
627.4 
545.4 
668.4 

681.4 
599.4 
617.4 
685.4 
668.4 

671.4 
689.4 
707.4 


Presaarein 
inches 

P 


7.259 
11.292 
17.089 
24.992 
85.710 

49.796 

67.914 

90  744 

119.008 

168.476 

195.018 
244.672 
803.908 


Total  heat 
W 


169.2 

177.192 

185.104 

192.6 

200 

207.198 

214.2 

221.004 

227.592 

234 

240.192 
246.204 
252 


i 


s 


7.992 
7.912 
7.496 
7.400 

7.198 
7.002 
6.804 
6.688 
6.408 

6.192 
6.012 
6.796 


Heat  of 
liquid 

Q 


0.00 
9.576 
19.26 
29.052 
88.984 

48.942 

69.04 

69.264 

79.678 

90 

100.648 
111.186 
121.982 


If 

a 

I 


9.676 
9.684 
9.792 
9.882 

10.008 
10.098 
10.224 
10.814 
10.422 

10.548 
10.638 
10.746 


6 


Total  latent 
heat 

r 


169.2 

167.616 

166.744 

168.648 

161.064 

158.266 
155.16 
151.74 
148.014 
144   • 

139.644 
185.018 
180.068 


I 


1.68i 
1.872 
2.196 
2.484 

2.806 

8.096 

8.42 

8.726 

4.014 

4.856 
4.626 

4.960 
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TABLE  VI. 

SATUSATBD  STEAM  OF  ETHEB  (C«HioO), 

French  UniUs 


7.631 
7.721 
7.919 
8.118 
8.800 

8.476 
8.636 
8.773 
8.876 
8.987 

8.934 
8.860 
8.666 


0.200 
0.198 
0.194 
0.187 

0.176 
0.160 
0.187 
0.104 
0.061 

-0.008 
■0.084 
0.196 


8 


Steam 
beat 


86.48 
90.72 
94.86 
98.89 
102.81 

106.64 
110.87 
114.01 
117.66 
121.06 

124.61 
127.93 
181.86 


I 


4.24 
4.14 
4.01 
8.92 

3.83 
8.73 
8.64 
8.66 
3.60 

8.46 
8.42 
8.42 


Inner  lat. 

beat 

P 


86.48 
85.40 
84.16 
82.76 
81.18 

79.46 
77.67 
76.68 
73.86 
71.06 

68.66 
66.16 
68.61 


1.08 
1.24 
1.41 

1.67 

1.73 
1.88 
2.04 
2  18 
2.29 

2.41 
2.49 
2.66 


10 


1.2720 
0.8893 
0.6706 
0.8986 
0.2868 

^0.2089 
0.1661 
0.1186 
0.0916 
0  0716 

0.0663 
0.0444 
0.0850 


11 


u 


67.99 
101.74 
147.60 
207.64 
284.61 

880.22 
496.88 
686.40 
801.08 
994.00 

1220.49 
1489  88 
1819.11 


0 
10 
20 
80 
40 

60 
60 
70 
80 
90 

100 
110 
120 


Ungliah  Units, 


o 


18.6878 
18.8978 
14.2642 
14.6084 
14.94 

16.266 

16.648 

16.7896 

16.9764 

16.0666 

16.0612 

16.98 

16.679 


1^ 


0.86 

0.8664 

0.8492 


8 


Steam 

beat 

J 


166.664 
!168  296 
'170.748 
178.002 


0.3866  186.058 


0.315 

0.288 

0.2466 

0.1868 

0.1102 

-0.0054 
-0.1612 
-0.861 


191.952 
198.666 
206.218 
211.608 
217.908 

224.118 
280.274 
236.43 


7.682 
7.462 

7.264 
7.066 

6.894 
6.714 
6.652 
6.890 
6.800 

6.210 
6.166 
6.166 


9 


Inner  lat. 

beat 

P 


156.664 

168.72 

161.488 


8 


i 


10 


20.6644 
8.056  13.4447 


7.768 


148.96  7.462 


146.124 

148.01 

189.626 

l:{6.954 

182.03 

127.908 

128.67 

119.088 

114.498 


7.174 

6.887 
6.616 
6.828 
6.076 
6.878 

6.662 
6.518 
6.410 


11 


1. 

V 


9.14089 
6.88363 

4.67019 

8.84636 
2.60066 
1.89084 
1.46788 
1.14584 

0.900261 
0.711288 
0.660661 


7.68984 
11.4822 
16.6741 
28.3819 
31.9693 

42.7242 
65.8829 
71.6104 
90.016 
111.6939 

137.148 

167.4079 

204.4083 


9  *M 

0  9 


I. 


83 
60 
68 
86 
104 

123 
140 
168 
176 
194 

313 
280 
348 
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TABLE  VII. 
AATT7RATKD  8TBAM  OF  ALCOHOL  (C«H«0). — French  UnUs, 


0 
10 
90 
80 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 

140 

150 


278 
283 
298 
303 
818 

823 
233 
848 
358 
868 

378 
383 
393 
403 
418 

428 


8 

4 

t 

5 

• 

1 

Preseare  in 

Total  heat 

Heat  of 

1 

4) 

millimeCerB 

W 

£ 

liqaid 

P 

S 

Q 

"" 

12.70 

236.50 

0.00 

24.28 

244.40 

7.90 

5.59 

5.59 

44.46 

252.00 

7.60 

11.42 

5.83 

78.52 

258.00 

6.00 

17.49 

6.07 

183.69 

262.00 

4.00 

23.71 

6.22 

219.90 

264 

2.00 

80.21 

6.50 

350.21 

265 

1.00 

37.37 

7.16 

541.15 

265.20 

0.20 

44.68 

7.21 

812.91 

265.20 

0.00 

52.11 

7.53 

1189.80  • 

266.00 

0.80 

59.97 

7.86 

1697.65 

267.30 

1.30 

68.18 

8.21 

2867.64 

269.60 

2.30 

76.74 

8.56 

3231.73 

272.50 

2.90 

85.67 

8.98 

4823.00 

276.00 

3.50 

94.98 

9.81 

5674.59 

280.50 

4.50 

104.70 

9.72 

7818.40 

285.80 

4.80 

114.82 

10.12 

Total  latent 
beat 

r 


286.60 
288.81 
240.58 
240.51 
288.29 

238.79 
227.63 
220.61 
218.09 
206  03 

199.12 
192.86 
186.83 
181.02 
175.80 

170.48 


i 

t 

• 


-2.31 

-1.77 

+0.07 

2.22 

4.50 
6.16 
7.01 
7.58 
7.06 

6.91 
6.26 
6.08 
5.81 
6  22 

5.82 


English  UnUs. 


1 

s 

8 

4 

• 

8 

5 

6 

« 

6 

Temperntare 
Fahrenheit 

t 

Premnrein 

Inches 

P 

Total  heat 
W 

Heat  of 
liqaid 

Q 

1 

ToUl  latent 

hCMt 

r 

82 
50 

68 

86 

104 

491.4 
509.4 
527.4 
545.4 
563.4 

0.5 

0.9539 

1.7502 

8.0984 

5.2634 

425.7 

439.92 

453.6 

464.4 

471.6 

14.22 

13.68 

10.8 

7.2 

0.000 
10.062 
20.556 
81.482 
42.678 

10.062 
10.494 
10.926 
11.196 

424.7 

429.868 

438.084 

482.918 

428.922 

-5.168 

-8.176 

+  0.116 

3.996 

122 
140 
158 
176 
194 

581.4 
599.4 
617.4 
635.4 
653.4 

8.6575 
18.7879 
21.8052 
82.0046 
46.8232 

475.2 

477 
477.86 
477.36 
478.8 

8.6 

1.8 
0.36 
0.00 
1.44 

54.378 
67.266 
80.244 
93.798 
107.940 

11.700 
12.888 
12.9^8 
18.564 
14.148 

420.822 
409.734 
897.098 
383.562 
370.854 

8.100 
11.088 
12.636 
13.586 
12.708 

212 
230 
248 
266 

284 

671.4 
689  4 
707.4 
r25.4 
743.4 

66.8832 
98.2147 
127.2345 
170.198 
228.410 

481.14 

485.28 

490.5 

496.8 

504.9 

2.34 

4.14 

5.22 

6.3 

8.1 

122.724 
138.182 
154.206 
170.964 
188.46 

14.778 
15.408 
16.074 
16.758 
17.496 

858.416 
847.148 
386.294 
?,25.896 
316.44 

12,4S8 
10.268 
10.854 
10.458 
9.896 

802 

761.4 

288.128 

618.54 

864 

206.676 

18.^^16 

806.864 

9.576 
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TABLE  VII. 

SATURATED  8TBAM  OF  ALCOHOL  (C«H«0). — Frtntik   UfiUs, 


J 

18.067 
18.466 
18.969 
14.429 
14.797 

16.044 
16.198 
16.287 
16.844 
15.428 

16.618 
16.664 
16.808 
16.969 
16.184 

16.886 


8 

s 

i 

1 

Steam 

s 

§ 

heat 

J 

^ 

228.48 

0.898 

280.94 

7.51 

0.604 

288.08 

7.09 

0.460 

248.67 

6.64 

0.868 

247.20 

8.68 

0.247 

248.96 

1.76 

0.149 

249.81 

0.86 

0.094 

249.91 

+0.10 

0.057 

249.86 

-0.06 

0.084 

260.67 

+0.71 

0.090 

261.78 

1.21 

0.136 

263.96 

2.17 

0.149 

256.70 

2.76 

0.166 

260.08 

8.88 

0.216 

264.82 

4.29 

0.202 

268.91 

4.69 

Inner 

latent 

heat 


228.48 
225.86 
226.61 
226.08 
228.49 

218.76 
212.44 
206.82 
197.75 
190.60 

188.60 
177.21 
171.08 
166.05 
169.62 

164  09 


10 

11 

f* 

If 

82.0844 

17.8281 

9.7976 

6.7308 

8.4618 

6.96 
18.00 
28.18 
89.86 
64.76 

2.1882 
l.a'$28 
0.8809 
0.6886 
0.4046 

102.64 
167.08 
288.08 
8^36.97 
471.18 

0.2860 
0.2062 
0.1626 
0.1152 
0.0889 

644.09 

869.63 

1121.68 

1482.66 

1794.84 

0.0696 

2207.02 

0 
10 
20 
80 
40 

60 
60 
70 
80 
90 

100 
110 
120 
180 
140 

160 


English  Units. 


Ill 


I 

o 


28.6-30 
24.287 
26.144 
26.972 
26.634 

27.079 
27.847 
27.616 
27.619 
27.770 

27.982 

28.177 
28.446 
28.744 
29.181 

29.496 


0.717 
0.907 
0.828 
0.6G2 

0.445 
0.268 
0.169 
0.108 
0.161 

0.162 
0.246 
0  268 
0.290 
0.387 

0.864 


8 


Steam 

heat 

J 


§ 


402.174 
415.692 
428.454 
488.426 
444.96 

448.128 
449.658 
449.838 
449.748 
461.026 

468.204 

457.11 

463.06 

468.064 

475.776 

484.068 


Inner 

latent 

beat 

P 


1 


§ 


402.174 
18.618 '405.63 
12.762  407.898 
9.972  406.944 
6.684  402.282 

8.168  398.76 
1.530  882.892 
+0.180 '869. 6ra 
-0.0901865.96 
+  1.278:848.08 


2.178 
8.906 
4  95 
6.994 
7.722 

8.962 


880.48 

818.978 

807.854 

297.09 

287.816 

277.862 


-8.466 

-2.268 

+  0.954 

4.662 

8.682 
11.868 
12.816 
13.626 
12.87 

12.60 
11.602 
11.124 
10  764 
9.774 


10 


518.967 

277.577 

156.947 

91.798 

56.286 

84.171 

21.670 

14.111 

9.429 

6.479 

4.664 
8.805 
2.448 
1.845 
1.424 

1.118 


11 


0.78207 
1.4607 
2.6989 
4.4216 
7.2767 

11.622 

17.645 

26.1904 

87.7518 

62.9461 

72.8744 
96.6827 


82 
50 
68 
86 
104 

122 
140 
158 
176 
194 

212 
280 


126.0228'  248 


160.0724 
201.681 

248.016 


266 

284 

809 


696 


THERMODYNAMICS. 


TABLE  Vm. 

BATUKATED  8TBAM  OF  ACETOKE  (GbH|0). 

French  Units. 


1 

s 

8 

4 

6 

« 

it 

as 

Absolate 
temperature 

ire  in 
eters 

Total  heat 

1 

Heat  of 

1 

Total  latent 

1 

W 

^ 

liquid 
9 

S 

heat 

r 

o 

0 

278 

68.88 

140.5 

'     0.00 

140.6 

10 

288 

110.82 

144.11 

8.61 

i     5.10 

5.10 

189.01 

1.49 

20 

208 

180.08 

147.62 

8.51 

10.29 

5.19 

187.88 

1.68 

80 

803 

280.05 

151.03 

8.41 

15.55 

5.26 

185.48 

1.85 

40 

818 

419.86 

154.38 

8.80 

20.89 

5.84 

183.84 

2.04 

50 

828 

608.81 

157.58 

8.20 

26.81 

6  42 

131.22 

2.28 

60 

883 

860.96 

160.69 

8.10 

81.81 

5.50 

128.82 

2.40 

70 

848 

1189.90 

168.62 

2.99 

87.89 

5.58 

126.28 

2.59 

80 

858 

1611.05 

166.51 

2.89 

43.05 

5.66 

123.46 

2.77 

90 

868 

2140.82 

169.80 

2.79 

48.79 

6.74 

120.61 

2.96 

100 

878 

2796.20 

171.98 

2.68 

64.61 

6.82 

117.37 

8.14 

110 

883 

8594.88 

174.56 

2.58 

60.60 

5.89 

114.06 

8.31 

120 

898 

4551.95 

177.04 

2.48 

66.48 

6.98 

110.56 

8.60 

180 

408 

5684.90 

179.42 

2.38 

72.54 

6.06 

106.88 

8.68 

140 

418 

7007.64 

181.69 

2.27 

78.67 

6.18 

108.02 

8.86 

Fnffhah  Units. 


82 
50 
68 
86 
104 

122 
140 
158 
176 
194 

212 
230 
248 
266 

284 


8 

9 


^1 


491.4 
509.4 
527.4 
545.4 
568.4 

581.4 
599.4 
617.4 
685.4 
658.4 

671.4 
689.4 
707.4 
725.4 
748.4 


es 


«*§  o« 


I 


2.4938 

4.3432 

7.0897 

11.0256 

16.6098 

28.9688 
83.8962 
46.8467 
63.4275 

84.2848 

110.0R74 

141.5101 

179.212 

228.8167 

275.8986 


Total  beat 
W 


252.9 

259.398 

265.716 

271.854 
277.794 

283.554 
289.134 
294.616 
299.718 
304.74 

809.564 
814.208 
818.672 
822.956 
827.042 


6.498 
6.818 
6.188 
5.940 

5.760 
5.580 
5.382 
5.202 
5.022 

4.824 
4.644 
4.464 

4.284 
4.086 


Heat  of 
liquid 

Q 


0.00 
9.18 

18.522 

27.99 

87.602 

47.858 
57.258 
67.802 
77.49 

87.822 

98.298 
108.9 
119.664 
180.572 
141.606 


9.18 
9.842 
9.468 
9.612 

9.756 

9.900 

10.044 

10.18i< 

10.382 

10.476 
19.692 
10.764 
10.908 
11.084 


Total  latent 
heat 


252.9 

250.218 

247.194 

243.864 

240.192 

2S6.196 
281.876 
227.214 
222.228 
216.918 

211.266 
2a5.808 
199.008 
192.884 
185.486 


I 


2.682 
3.024 
8.830 
8.672 

8.996 
4.820 
4.662 
4.986 
6.810 

6.662 
5.958 
6.800 
6.624 
6.948 
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TABLE  VIII. 

BATURATBD  STEAM  OF  ACBTONB  (GtH«0). 

French  Units, 


7 

- 

8 

• 

Outer  latent 

Steam 

g 

hMt 

I 

beat 

i 

^P« 

J 

p 

8.64 

181.85 

9.462 

0.815 

184.65 

2.80 

10.182 

0.670 

187.49 

2.84 

10.618 

0.481 

140.42 

2.98 

11.006 

0.898 

148.82 

2.90 

11.815 

0.809 

146.22 

2.90 

11.561 

0.246 

149.07 

2.85 

11.759 

0.198 

151.86 

2,79 

11.921 

0.162 

154.59 

2.78 

12.052 

0.181 

167.25 

2.66 

12.154 

0.102 

159.  as 

2.58 

12.281 

0.077 

162.88 

2.50 

12.281 

0.050 

164.76 

2.48 

12.802 

0.021 

167.12 

2.86 

12.802 

0.000 

169.89 

2.27 

Inner  lat. 
heat 


181 

129.55 

127.20 

124.87 

122.43 

119.91 
117.26 
114.47 
111.54 
108.46 

106.22 

101.88 

98.28 

94.58 

90.62 


10 

1 

t 

^ 

1* 

4.2576 

2.80 

2.6748 

2.85 

1.7605 

2.88 

1.1818 

2.44 

0.8184 

2.52 

0.5796 

2.65 

0.4187 

2.79 

0.8082 

2.98 

0.2807 

8.08 

0.1765 

8.24 

0.1855 

8.89 

0.1061 

8.55 

0.0841 

8.70 

0.0675 

8.96 

0.0547 

80.97 

48.48 

72.68 

105.65 

149.59 

206.89 
280.08 
871.44 
488.40 
617.84 

776.25 

959.64 

1168. 18 

1401.58 

1658.64 


0 
10 
20 
80 
40 

60 
60 
70 
80 
90 

100 
110 
120 
180 
140 


EngUth  Units, 


7 

1 

Oater  latent 

1 

heat 

u 

Apu 

S 

155.646 

170.816 

14.670 

182.876 

12.060 

191.084 

8.658 

198.108 

7.074 

208.67 

6.562 

203.098 

4.42.S 

211.662 

8.564 

214.978 

8.816 

216.986 

1.958 

218.772 

1.886 

220.158 

1.886 

221.058 

0.900 

221.436 

0.878 

221.486 

0.000 

8 


Steam 

heat 

J 


237.83 

242.87 

247.482 

252.756 

257.976 

268.196 
268.826 
278.848 
278.262 
288.05 

287.694 
292.194 
296.568 
800.816 
804.902 


8 


5.04 
5.112 
5.274 
5.220 

5.220 
5.180 
5.022 
4.914 

4.788 

4.644 
4.500 
4.874 
4.248 
4.086 


Inner  lat. 
heat 

P 


287.88 

288.19 

228.96 

224.766 

220.874 

215.888 
211.068 
206.046 
200.772 
195.228 

189.896 
188  294 
176.904 
170  244 
168.116 


■ 

10 

11 

i 

1^ 

4.14 
4.28 
4.194 
4.892 

68.2021 
42.8488 
'28.0411 
18.9811 
18.1098 

8.48 

5.4419 

8.1668 

11.8715 

16.8089 

4.586 
4.770; 
5.022 
5.274 
5.544 

9.2845 
0.7.»71 
4.9370 
8.6955 
2.8118 

28.2475 

21.466 

41.7876 

54.8181 

69.4*249 

5.882 
6.102 
6.890 
6  660 
7.128 

2.1706 
1.6996 
1.8472 
1.0812 
0.87662 

87.2249 
108.4791 
181.2648 
157.4912 
186.8764 

82 
50 
68 
86 
104 

182 
140 
158 
176 

194 

212 
280 
248 
266 
284 
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TABLE  IX. 

SATURATED  8TBAM  OF  CHLOROFORM  (CHCli).— JVtffieA    UnUs. 


^5 


I- 


0 
10 

do 

80 

40 

60 
00 
70 
80 
90 

100 
110 
120 
180 
140 

150 
160 


8 


273 
288 
293 
803 
818 

828 
883 
843 
858 
868 

878 
88^^ 
898 
403 
413 

428 
488 


59.72 
100.47 
160.47 
247.51 
869.26 

585.05 

755.44 

1042.11 

1407.64 

1865.22 

2428.54 
8110.99 
8925.74 
4885.10 
6000.16 

7280.62 
8784.20 


4 

6 

t 

i 

Total  heat 

1 

Heat  of 

§ 

W 

& 

liqnid 

s 

s 

9 

^ 

67.000 

1.875 

0.00 

68.875 

2.83 

288 

69.75 

4.67 

2.84 

71.12 

7.02 

2.85 

72.50 

9.87 

2.85 

78.87 

11.74 

2.37 

75.25 

14.12 

2.88 

76.62 

16.51 

2.39 

78.00 

18.91 

2.40 

79.87 

21.82 

2.41 

80.75 

28.74 

2.42 

82.12 

26.17 

2.48 

83.50 

28.61 

2.44 

84.87 

81.06 

2.45 

86.25 

88.52 

2.46 

87  62 

85.99 

2.47 

89.00 

88.47 

2.48 

Total  latent 
heat 


67.00 
66.04 
65.06 
64.10 
68.18 

62.18 
61.18 
60.11 
59.09 
58.05 

57.01 
55.95 
54.89 
58.81 
52.78 

51.68 
60.58 


t 


0.96 
0.96 
0.98 
0.97 

1.00 
1.00 
1.02 
1.02 
1.04 

1.04 
1.06 
1.06 
1.08 
1.06 

1.10 
1.10 


English  Units, 


1 

2 

8 

4 

6 

« 

Temperatnre 
Fahrenheit 

w 

Totol  heat 

I 

Heat  of 

o 

Total  latent 

1 

W 

^ 

liqnid 
9 

heat 

r 

^ 

82 

491.4 

2.8512 

120.6 

0.00 

120.6 

50 

509.4 

8.9555 

123.075 

2.475 

4.194 

4.194 

118  872 

1.728 

68 

527.4 

6.8178 

125.55 

8.406 

4.212 

117.144 

1.728 

86 

545.4 

9.7446 

128.016 

12.686 

4.280 

115.38 

1.764 

104 

568.4 

14.538 

130.5 

16.866 

4.280 

113.634 

1.746 

122 

581.4 

21.065 

132.966 

21.182 

4.266 

111.834 

1.800 

140 

590.4 

29.742 

136.45 

26.416 

4.384 

110.034 

1.800 

158 

617.4 

41.028 

187.916 

29.718 

4.im 

108.198 

1.886 

176 

685.4 

55.416 

140.4 

24.038 

4.320 

106.862 

1.886 

194 

658.4 

78.485 

143.866 

88  376 

4.838 

104.49 

1.872 

212 

671.4 

96.612 

145.35 

42.732 

4.a'>6 

102.618 

1.872 

280 

689.4 

122.48 

147.816 

47.106 

4.874 

100.71 

1.908 

248 

707  4 

154.56 

150.8 

61.498 

4.893 

98.802 

1.908 

266 

725.4 

192.88 

152.766 

65.908 

4.410 

96.858 

1.944 

284 

743.4 

286.28 

155.25 

60.886 

4.428 

94.914 

1.944 

802 

761.4 

286.64 

157.716 

64.782 

4.446 

92.934 

1.960 

820 

779.4 

848.87 

160.2 

69.246 

4.464 

90.954 

1.986 
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TABLE  DC 

SATURATED  8TKAM  OF  CHLOROFOEX  (OHClg). — FrmiCh   UtliU, 


Oater 

latent 

heat 

Apu 


4.580 
4.784 
4.919 
5.086 
5.241 

5.883 
5.614 
5.588 
5.756 
5.870 

5.981 
6.088 
6.195 
6.299 
6.404 

6.506 
6.609 


S 


0.204 
0.185 
0.167 
0.155 

0.141 
0.182 
0.124 
0.118 
0.114 

0.111 
0.107 
0.107 
0.104 
0.105 

0.102 
0.108 


8 


Steam 

heat 

J 


i 


63.47 
68.64 
64.88 
66.08 
67.26 

68.49 
69.74 
70.98 
72.24 
78.50 

74.77 
76.08 
77.81 
78.57 
79.85 

81.11 
83.89 


1.17 
1.19 
1.20 
1.28 

1.28 
1.25 
1.24 
1.26 
1.26 

1.27 
1.26 
1.28 
1.26 
1.28 

1.26 
1.28 


9 

^ 

Inner 

S 

latent 

8 

heat 

u 

P 

62.47 

61.81 

1.16 

60.16 

1.15 

59.01 

1.15 

57.89 

1.13 

56.75 

1.13 

55.63 

1.18 

64.47 

1.15 

58.88 

1.14 

63.18 

1.15 

51.08 

1.15 

49.86 

1.17 

48.70 

1.16 

47.51 

1.19 

46.88 

1.18 

45.13 

1.21 

48.93 

1.20 

10 


2.8668 
1.4692 
0.9569 
0.6407 
0.4426 

0.8187 
0.2276 
0.1687 
0.1275 
0.0981 

0.0768 
0.0610 
0.0492 
0.040i 
0.0888 

0.0279 
0.0286 


11 


26.41 
41.78 
62.03 
92.10 
180.80 

180.92 
244.85 
822.89 
418.24 
681.78 

664.48 

817.06 

989.62 

1181.60 

1891.96 

1619.82 
1861.51 


L 


0 
10 
30 
80 
40 

50 
60 
70 
80 
90 

100 
110 
120 
180 
140 

150 
160 


English  Uniia. 


1 

• 

8 

irf 

9 

J 

10 

11 

1 

Oater 

1 

OS 

i 
1 

Inner 

H 

latent 

1 

Steam 

latent 

4> 

P 

el 

heat 

1 

heat 

heat 

M 

u 

Apu 

Q 

J 

s 

P 

H 

I 

^^ 

8.154 

112.446 

112.446 

87.8975 

3.9676 

82 

8.521 

0.867 

114.552 

3.106 

110.858 

2.088 

38.535 

4.6892     50 

8.854 

0.888 

116.694 

2  142 

108.288 

2.070 

15.8134 

7.0712!    68 

9.154 

0.800 

118.854 

2.160 

106.218 

2.070 

10.26:« 

10.849 

86 

9.483 

0.379 

121.068 

2.214 

104.202 

2.016 

7.0899 

14.698 

104 

9.687 

0.254 

128.282 

2.214 

102.15 

2.052 

5.0251 

20.8^0 

123 

9.925 

0.338 

125.532 

2.260 

K'O.llO 

2.084 

8.6459 

27.394 

140 

10.148 

a.  328 
0.218 

127.764 

2.232 

98.046 

2.070 

2.7024 

36.2H2 

158 

10.861 

180.082 

2.268 

95.994 

2.052 

2.0424 

46.»'8 

176 

10.506 

0.205 

133.8 

2.268 

98.924 

3.070 

1.5714 

59.749 

194 

10.766 

0.200 

134.586 

2.286 

91.854 

3.070 

1.2302 

74.666 

313 

10.958 

0.192 

186.  avi 

2.268 

89.748 

3.106 

0.97715 

91.811 

3:^.0 

11.151 

0.193 

139.158 

2.804 

87.66 

2.088 

0.78818 

111.20 

348 

11.888 

0.187 

141.436 

2.368 

a5.618 

3.143 

0.64396 

182.77 

266 

11.521 

0.183 

143.78 

3.804 

83.894 

3.134 

0.53848 

156.41 

384 

11.711 

0.190 

'145.98 

3.35 

81.216 

3.178 

0.4469:i 

181.96 

803 

11.896 

0.185 

148.803 

3.323 

79.056 

3.160 

0.87805 

209.17 

830 
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TABLE  X. 

BATUEATBD    8TBAM  OF  GHLOBIDE  OF  CARBON  (CGI4). — Frmch  UhUs, 


1 

£• 

s 

8 

4 

. 

6 

1 

6 

^ 

^1 

PreMnre  In 

Total  heat 

1} 

Heat  of 

Total  latent 

1 

S.a'** 

milUmeten 

W 

£ 

Ilqaid 

%4 

heat 

s 

1^ 

P 

A 

Q 

^ 

r 

A 

0 

273 

82.96 

62.00 

0.00 

62.00 

10 

288 

65.97 

63.44 

1.44 

1.99 

1.99 

61.46 

0.65 

20 

298 

90.99 

54.86 

1.42 

8.99 

2.00 

60.87 

0.68 

80 

808 

142.27 

56.23 

1.87 

6.02 

2.03 

60.21 

0.66 

40 

813 

214.81 

57.68 

1.85 

8.06 

2.04 

49.62 

0.69 

60 

323 

814.88 

68.88 

1.80 

10.12 

2.06 

48.76 

0.76 

60 

888 

447.48 

60.16 

1.28 

12.20 

2.08 

47.96 

0.80 

70 

848 

621.16 

61.40 

1.24 

14.30 

2.10 

47.10 

0.86 

80 

853 

848.29 

62.60 

1.20 

16.42 

2.12 

46.18 

0.92 

90 

868 

1122.26 

68.77 

1.17 

18.66 

2.18 

46.22 

0.96 

100 

878 

1467.09 

64.90 

1.13 

20.70 

2.16 

44.20 

1.02 

110 

888 

1887.44 

66.01 

1.11 

22.87 

2.17 

43.14 

1.06 

120 

898 

2898.67 

67.07 

1.06 

26.06 

2.19 

42  01 

1.18 

130 

403 

2996.88 

68.10 

1.03 

17.27 

2.21 

40.88 

1.18 

140 

418 

8709.04 

69.10 

1,00 

29.49 

2.22 

89.61 

1.22 

150 

428 

4643.18 

70.07 

0.97 

31.78 

2.24 

88.34 

1.27 

160 

483 

6613.14 

71.00 

0.93 

84.00 

2.27 

87.00 

1.84 

EngHth  UnUa. 


82 

60 

68 

86 

104 

122 
140 
158 
176 
194 

212 
230 
248 
266 
284 

302 
820 


2 


l| 


491.4 
609.4 
627.4 
645.4 
668.4 

581.4 
699.4 
617.4 
685.4 
658.4 

671.4 
689.4 
707.4 
726.4 
743.4 

761.4 
779.4 


8 


Prensare  in 

inches 

P 


Total  heat 
W 


1.2974 
2.2086 
8.5828 
5.6012 
8.4572 

12.377 
17.615 
24.455 
83.200 

44.184 

67.760 
74.310 
94.24 
117.98 
146.03 

178.86 
217.06 


93.6 

96.192 

98.748 

101.214 

108.644 

105.984 

108.288 

110.52 

112.68 

114.786 

116.83 
118. 8t8 
120.726 
122.58 
124.88 

126.126 

127.8 


2.592 
2.556 
2.466 
2.480 

2.340 

2.304 

2.282 

2.16 

2.106 

2.084 
1.998 
1.908 
1.854 
1.800 

1.746 
1.674 


Heat  of 
liquid 

Q 


i 


a 


0.00 

8.682 

7.182 

10.836 

14.508 

18.216 

21.96 

25.74 

29.556 

38.89 

37.26 

41.166 

45.108 

49.086 

53.082 

67.114 
61.2 


8.582 
3.600 
3.654 
8.672 

8.708 

8.744 

8.78 

8.816 

3.884 

8.87 

8.906 

3.942 

8.978 

8.996 


4.1 
4.086 


6 


Total  latent 
heat 

r 


93.6 

92.61 

91.566 

90.878 

89.186 

87.768 

86.828 

84.78 

83.124 

81.896 

79.56 

77.652 

75.618 

7H.494 

71.298 

69.012 
66.6 


0.99 
1.044 
1.188 
1.242 

1.368 
1.440 
1.648 
1.666 
1.728 

1.886 
1.904 
2.034 
2.124 
2.196 

3.286 
3.412 
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TABLE  X. 

BATUKATID  BTBAM  OP  OHLOUDB  OF  CARBON  (CCI4).— J^fWlcA  UwiU. 


Outer  lat. 
heat 
Apu 


8.442 
8.585 
8.728 
8.864 
8.997 

4.120 
4.286 
4.889 
4.429 
4.505 

4.564 
4.606 
4.629 
4.681 
4.614 

4.677 
4.517 


0.143 
0.148 
0.186 
0.188 

0.123 
0.116 
0.108 
0  000 
0.076 

0.059 
0.042 
0.028 
0.002 
0.017 

0.087 
0.060 


8 

• 

9 

^ 

Steam 

1 

Inner  latent 

> 

heat 
J 

^ 

heat 
P 

I 

48.56 

48.66 

49.86 

1.80 

47.87 

0.69 

51.18 

1.27 

47.14 

0.78 

52.87 

t.24 

46.86 

0.79 

58.58 

1.21 

45.52 

0.88 

64.76 

1.18 

44.64 

0.88' 

55.92 

1.16 

43.72 

0.92, 

57.06 

1.14 

42.76 

0.96 

58.17 

1.11 

41.75 

1.01 

59.27 

1.10 

40.72 

1.08 

60.84 

1.07 

89.6t 

1.08 

61.40 

1.06 

88.58 

1.11' 

62.44 

1.04 

87.88 

1.15 

68.47 

1.08 

86.20 

1.18 

64.49 

1.02 

86.00 

1.20 

65.49 

1.00 

88.76 

1.24 

66.48 

0.99 

82.48 

1.28 

10 


8.2681 
1.9969 
1.2775 
0.8470 
0.5802 

0.4087 
0.2952 
0.2178 
0.16»8 
0.1252 

0.0970 
0.0761 
0.0608 
0.0482 
0.0888 

0.0814 
0.0265 


U 


t 


14.90 
28.97 
86.90 
54.72 
78.46 

109.22 
148.11 
196.81 
254.95 
825.28 

406.59 
506.80 
619.94 
751.17 
902.06 

1074.28 
1271.89 


0 
10 
20 
80 
40 

50 
60 
70 
80 
90 

100 
110 
120 
180 
140 

150 
160 


English  Units. 


Onter  lat. 
heat 
Apu 


6.1956 

6.458 

6.7104 

6.9552 

7.1946 

7.416 

7.6248 

7.8102 

7.9722 

8.104 

8.2152 
8.2908 
8.8822 
8.8358 
8.8052 

8.2886 
8.1806 


fi 
P 


0.2574 
0.2574 
0.2448 
0.2;^94 

0.2214 
0.2088 
0.1854 
0.1620 
0.1818 

0.1112 
0  0756 
0.0414' 
0.0086 
-0  0806 


8 


Steam 

heat 

J 


8.7408 
8.9748 
9.2034 
9.4266 
9.6444 

9.8668 
10.0656 
10.2708 
10.4706 
10.6686 

10.8612 

11.052 

11.2392 

11.4246 

11.6082 


0.0666    11.7882 
0  10>0:    11.9664 


i 


s 

Q 


0.2840 
0.2286 
0.2232 
0.2178 

0.2124 
0.2088 
0.2052 
0.1998 
0.1980 

0  1926 
0.1908; 
0.1>-72 
0.1854' 
0.18861 

o.isoo' 

0  1782; 


Inner  latent 
heat 

P 


87.408 

86.166 

84.852 

88.48 

81.986 

80.862 
78.696 
76  968 
75.16 
78.296 

71.862 
69.864 

67.284 

66.16 

68.00 

60.768 
58.464 


1.242 
1.814 
1.422 
1.494 

1.684 
1.656 

1.728 
1.818 
1  854 

1.944 

1.998 

2.o;o 

2.124 
2.16 

2.282 
2.804 


10 


52.1912 
81.9881 
20.4641 
18.568 
9.2942 

6.6469 

4.7287 

8.489 

2.6289 

2.0(i66 

1.6588 

1.2190 

0.96594 

0.77212 

0.62158 

0.6080 
0.40848 


11 


p 


1.6748 
2.6985 
4.1468 
6.1487 
8.8163 

12.278 
16.643 
22.059 
88.097 
86.551 

46.912 
66.891 
69.661 
84.407 
102.47 

120.71 
142.86 


82 

50 

68 

86 

104 

122 
140 
158 
176 
194 

212 
280 
248 
266 
284 

802 
820 
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THERMOD  TNAMICS. 


TABLE  XL 

SATURATED  STBAM  OF  BISULPHIDE  OP  CARBON  (CSi). — Frtnck   VfnUs. 


1 

8 

8 

4 

5 

6 

II 

Absolute 

temperature 

T 

PreMQie  in 

Total  heat 

f 

Heat  of 

1 

Total  latent 

• 

millimeters 
P 

W 

1 

liquid 
Q 

heat 

r 

0 

278 

127.91 

90.00 

0.00 

90.00 

10 

288 

198.46 

91.42 

1.42 

2.86 

2.86 

89.06 

0.94 

20 

293 

298.08 

92.76 

1.34 

4.74 

2.38 

88.02 

1.04 

80 

803 

434.62 

94.01 

1.25 

7.13 

2.39 

86.88 

1.14 

40 

818 

617.58 

95.18 

1.17 

9.54 

2.41 

85.64 

1.34 

60 

828 

857.07 

96.27 

1.09 

11.96 

2.42 

84.81 

1.S8 

60 

333 

1164.51 

97.28 

1.01 

14.41 

2.45 

82.87 

1.44 

70 

343' 

1552.09 

98.20 

0.92 

16.86 

2.45 

81.84 

1.6S 

80 

853 

2082.53 

99.04 

0.84 

19.34 

2.48 

79.70 

1.64 

90 

868 

2619.08 

99.80 

0.76 

21.88 

2.49 

77.97 

1.73 

100 

878 

8325.15 

100.48 

0.68 

24.84 

2.51 

76.14 

1.88 

110 

883 

4164  06 

101.07 

0.59 

26.86 

2.52 

74.21 

1.93 

120 

393 

5148.79 

101.58 

0.51 

29.40 

2.54 

72.18 

2.08 

180 

408 

6291.60 

102.01 

0.43 

81.96 

2.56 

70.06 

8.18 

140 

418 

7608.96 

102.86 

0.35 

84.53 

2.57 

67.83 

2.2d 

150 

428 

9095.94 

102.62 

0.26 

37.12 

2.59 

65.50 

2.88 

English  Units, 


1 

2 

Temperature 
Fahrenheit 

AbBolute 

temperature 

T 

82 

491.4 

50 

509.4 

68 

627.4 

86 

545.4 

104 

563.4 

122 

681.4 

140 

599.4 

158 

617.4 

176 

635.4 

194 

653.4 

212 

671.4 

280 

689.4 

248 

707.4 

266 

725.4 

284 

743.4 

802 

761.4 

Presenre  in 
incheM 

P 


6.0859 
7.8134 
11.738 
17.111 
24.312 

88.748 

45.742 
61.106 
80.021 
103.11 

180.91 

168.94 

202.71 

247.7 

299.87 

858.11 


Total  heat 
W 


S 

p 
£ 

I 
P 


162 

164.566 

166.968 

169.218 

171.324 

173.286 
175. 104 
176.76 
178.272 
179.64 

180.8641 
181.926 
182.844 
188.618 
184.248 

184.816 


2.566 
2.412 
2.250 
2.106 

1.962 
1.918 
1.656 
1.512 
1.868 

1.224 
1.062 
0.918 
0.774 
0.630 

0.568 


5 

• 

1 

Heat  of 

t 

liquid 

S 

Q 

P 

0.00 

4.248 

4.248 

8.632 

4.284 

12.884 

4.802 

17.172 

4.838 

21.528 

4.366 

25.988 

4.410 

30  848 

4.410 

34.812 

4.464 

39.294 

4.482 

43.812 

4.518 

48.848 

4.536 

5>.92 

4.572 

57.528 

4.608 

62.154 

4.626 

66.816 

4.662 

1 

Total  latent 
heat 

r 


162 

160.808 

168.486 

156.884 

164.152 

151.768 

149.166 

146.412 

148.46 

140.346 

137.052 
138.578 
129.924 
126.090 
122.094 

117.9 


S 

a 

B 


1 

1.872 
2.052 
2.232 

2.894 
2.592 
2.754 
2.952 
8.114 

8.294 
8474 
8.654 
8.884 
8.996 

4.194 
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TABLE  XI. 

BATU&ATBD  8TSAM  OF  BIBULPHIDB  OF  CARBON  (G^%).—Frmch    UnUs. 


7 

8 

9 

• 

10 

11 

1 

Cater 

1 

Steam 

1 

Inner 
Utent 

1 

p 

IfttenthMt 

^ 

heat 
J 

t 

heat 
P 

A 

I* 

« 

7.218 

82.79 

82.79 

1.7585 

47.08 

0 

7.452 

0.289 

88.97 

1.18 

81.61 

1.18 

1.1711 

60.69 

10 

7.676 

0.224 

85.08 

1.11 

80.84 

1.27 

0.8081 

100.04 

20 

7.881 

0.205 

86.18 

1.05 

79.00 

1.84 

0.5654 

189.71 

80 

8.068 

0.187 

87.11 

0.98 

77.57 

1.43 

0.4074 

190.40 

40 

8.289 

0.171 

88.08 

0.92 

76.07 

1.50 

0.2997 

258.82 

50 

8.890 

0.151 

88.89 

0.86 

74.48 

1.59 

0.2247 

881.51 

60 

8.528 

0.188 

89.68 

0.79 

72.82 

1.66 

0.1712 

425.21 

70 

8.688 

0.115 

90.40 

0.72 

71.06 

1.76 

0.1825 

586.20 

80 

8.784 

0.096 

91.07 

0.67 

69.24 

1.82 

0.1040 

665.77 

90 

8.812 

O.078 

91.67 

0.60 

67.88 

1.91 

0.0826 

814.79 

100 

8.869 

0.057 

92.20 

0.58 

65.84 

1.99 

0.0644 

998.82 

110 

8.906 

0.087 

92.67 

0.47 

68.27 

2.07 

0.0589 

1178.00 

120 

8.92*3 

0.016 

98.09 

0.42 

61.18 

2.14 

0.0442 

1882.85 

180 

8.917 

-0.005 

98.44 

0.85 

58.91 

2.22 

0.0866 

1611.15 

140 

8.886 

-0.081 

98.78 

0.29 

56.61 

2.80 

0.0805 

1858.86 

150 

English  UniU, 


7 

• 

Outer  lat. 
heat 
Apu 

i 

12.9884 
18.4186 
18.8168 
14.1858 
14.5224 

04802 
0.4082 
0.8690 
0.8866 

14.8802 
15.102 
15.8414 
15.5484 
15  7212 

0.8078 
0.2718 
0.2894 
0.2070 
0.1728 

15.8616 
15.9642 
16.0808 
16.0596 
16.0506 

0.1404 
0.1026' 
0.0G66 
0.0288 
-0.0090 

16.9948 

-0.0658 

8 


Steam 

heat 

J 


149.022 
151.146 
158.144 
155.084 
156.798 

158.454 
160.002 
161.424 
162  72 
168.926 

165.006 

165.96 

166.806 

167.562 

168.192 

168.714 


I 


2.124 
1.998 
1.890 
1.764 

1.656 
1.548 
1.422 
1.296 
1.206 

1.080 
0.954 
0.846 
0.756 
0.680 

0.522 


Inner  latent 
heat 


149.022 

146.898 

144.612 

142.2 

189.626 

186.926 
184.064 
181.076 
127.908 
124.682 

121.194 
117.612 
118.886 
110.084 
106.088 

101.898 


2.124 
2.286 
2.412 
2.574 

2.700 
2.862 
2.988 
3.168 
8.276 

8.488 
8.582 
8.726 
8.852 
3.996 

4.140 


10 


28.1692 

18.7597 

12.865 

9.0571 

6.6261 

4.8008 
8.5994 
2.7424 
2.1225 
1.666 

1.8281 

1.0687 

0.86842 

0.70808 

0.5868 


11 


p. 
u 


5.2902 
7.8809 
11.241 
15.699 
21.895 

28.521 
87.251 
47.780 
60.251 
74.811 

91.566 
110.55 
181.81 
155.88 
181.04 


0.48857  208.82 


83 

50 

68 

86 

104 

123 
140 
158 
176 
194 

212 
280 
248 
266 

284 
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Absoluti  B«ro,  144. 

Adifthalic  compreBsion  of  air,  160. 

cnrvf!,  approximate  fomuila  for,44C. 
for  air,  160. 
for  steam.  435. 
for  superheated  steam,  678. 
efllox  of  steam,  6Ui. 
expansion  of  air,  107. 

of  steam,  444. 
transfer  of  air,  174. 
Air,  compressed,  884. 
efflux  of,  885. 
engines,  compressed,  884. 

complete  expansion, 

fall  pressure,  846. 

incomplete     expan- 
sion, 860. 
friction  of,  in  pipes.  888. 
Atmospheres  into  pounds  and  kilograms,  860. 
Atmospheric  gas  engine,  806. 
Back  pressure,  work  of,  681. 
B^hard,  experiments  of,  48. 
Bernoulli,  Daniel,  68. 
Body  tension,  182. 
Boiler,  locomotive,  484. 


steam,  generation  of  steam  in,  488. 

146. 
I,  hypo 
Caloric,  106. 


Boiling  point. 
I,  hy 


BulTon, 


thesis  of,  60. 


Capacity,  volume,  180. 

Camot,  68. 

Charles,  law  of,  68. 

Chlorophyll,  ahsorption  epectmm  of,  87. 

Clapeyron,  54. 

Clsusius,  views  as  to  nature  of  heat,  118. 

Coefficient  of  irregularity,  688. 

Colding,  54. 

Compressed  air  engines,  884. 

complete    expansion, 

full  pressure,  846. 
incomplete  expansiou, 
860. 
Compression  of  gases,  148. 

of  steam,  adiahatic,  444. 
Oompresdors,  air,  884. 
Condensation  of  steam  in  expanding,  78. 
Condenser,  400. 

dimensions  of,  648. 
Jet,  606. 
surface,  601. 
theory  of,  601. 
Conduction  and  radiation  of  heat,  115. 
Connecting  rod,  influence  of  length  of,  684. 
Constant  neam  weight,  curve  of,  418. 

45 


Constant  volume,  addition  of  heat  under,  480. 

Contraction  of  hodlee  when  heated,  66. 

Convection,  electrolytic,  88. 

Coriolis,  theorem  of,  68. 

Crank,  theory  of,  689. 

Critical  temperature,  416. 

Cost  of  working  of  steam  engine,  646. 

Cycle  process,  10. 

of  steam  engine,  imperfection 

of,  607. 
of  the  steam  engine.  608. 
simple,  reversible,  181. 
Cylinder,  action  or  steam inj^607. 
Davy,  experiments  of,  58,  lOB. 

views  as  to  natnre  of  heat,  118. 
Delivery  indicated,  686. 

useful,  641. 
Density  of  saturated  steam,  410. 
Disgregation  work,  1^85, 188. 

in  crystals  and  liquids,  61 
Dynamide,  118. 
Effect,  mechanical,  8. 
Efficiency,  coefficient  of,  85. 

of  steam  engines.  818. 
Bffiux,  adiabatic,  of  steam,  516. 
of  air  from  vewiiels,  885. 
of  hot  water.  5S8. 
of  steam,  518. 

velocity  of,  540. 
Electrolytic  convection,  88. 
Electro-magnetic  engine,  80. 

forces,  nature  of,  80. 
Engine,  electro-magnetic,  80. 
Ericsson  V,  73. 
hot-air,  88. 
Engines,  hot-air,  75. 
steam,  668. 
Engine,  work  of,  when  disconnected,  080. 
English  measures  into  French,  867. 
Entropy,  08, 180. 
Erlcsson^s  enslne,  78. 

hot«ir  engine,  885. 
Ether,  111. 

Evaporation,  action  of  heat  in,  818. 
work  of  water  in,  811>. 
Examples  for  practice,  868. 
Expansion,  coefficient  of,  148. 
d^ree  of,  617. 

of  air  under  constant  preisnre,  177. 
of  gases,  180. 
of  steam,  416. 

adiabatic,  444. 
Favre,  experiments  of,  10. 
Fill,  coeflicient  of,  646. 
Fizeau  and  Foucault,  experiments  or,  7. 
Fly-wheel,  rim  and  arm»,  686. 
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Fly-wheel,  weight  of,  881. 
Foot-poands  into  meier-kUocrams,  888. 
Formolse,  recapitulation  of,  905. 
French  measares  into  EnglLsh,  867. 
Friction,  6. 

of  air  in  pipes,  2^. 

of    Dlooa,    influence  upon    animal 

heat,  86. 
pressare  for  OTercomlng,  888. 
Fnel  used  per  honr,  644. 
Gas  engine,  atmospheric,  806. 

of  Otto  and  Sanger,  80B. 
Gases,  compression  of,  148. 
constitution  of,  9t. 
expansion  of,  188. 
law  of  expansion  of,  68b 
specific  heat  of,  148. 
Gay-Lns8ac*s  law,  149. 
Gravity,  specific.  180. 
Heat,  action  of,  in  evaporation,  878. 
actual  specific,  or  water,  880. 
addition  under  constant  volume,  A4&, 
a  kind  of  motion,  111. 
calculation  of  mechanical  equivalent  of , 

145. 
conduction  and  radiation.  116. 
different  works  performed  by,  ISl. 
fundamental    equations  of    mechanical 

theo^  of.  128. 
generated  by  mechanical  action,  108. 
Identity  with  light,  7. 
inner  and  outer,  of  vaporisation,  898. 
latent.  18. 

law  01  trinsmifsion  of,  76. 
mean  specific,  of  water,  880. 
mechanical  equivalent  of,  10,  44,  65,  70, 

80.  104,  106. 
of  friction,  101. 
of  liquids,  887. 
of  vaporization,  891. 
outer  and  inner  latent,  of  steam,  406. 
rays,  interference  of,  7. 
spectflc,  188,  184. 

of  gases,  148. 
of  water,  888. 
steam,  397. 
total,  %)1. 

transformation  into  work,  79. 
unit,  106. 

views  as  to  the  nature  of,  113. 
weight,  189,  455. 
Heating  surface,  498. 
Him,  experiments  of,  61, 106. 
Him's  experiments,  12. 

law  for  superheated  steam,  650. 
Horae  power,  cost  of,  646. 
Hot  air  and  stenm,  comparison  of  work  of,  822. 

engines,  comparison  of,  218. 
engine,  89, 76. 

Bricsson*s,  S25. 

formulfe  for.  268. 

historical,  221. 

maximum  delivery,  268,  260. 

of  Laubereau  and  Lehmann,268. 

of  Lehroaim,  279. 

of  Sterling,  255. 

of  Unger,  lW6. 

open,  with  open  fireplace,  225. 

interior  fire,  285. 
regenerator,  72. 
theory  of,  240. 
Hugon^s  en<due,  805. 
Inches  into  centimeters,  866. 
Indicated  delivery,  626. 
Indicator  steam,  18. 
Indnclion  phenomena,  77. 
Injector,  di'scription  of,  582. 

theory  of,  538. 
Inner  and  out^r  heat  of  vaporisation,  888. 
work,  121,  122. 
work,  graphical  representation'  of,  201. 


Intermediate  bodv  in  cycle  process,  188b 
Irregularity,  ooefllcient  of,  ^2. 
Isenergic  curve  for  air,  ISO. 
Isentropic   "         "       160. 
iBodynamic "        '*       189. 

steam,  481 

snperoeated  steam,  6801 
Isometric  cnrve,  178. 
Isopiestic     "      1TB. 
Isothermal    "      for  air,  166. 

for  steam,  4S0. 
for  superheated  steam,  661. 
Jet  condenser,  606^ 
Joule  and  Favre,  experiments  of,  40. 

experiments  or.  9, 71, 104. 
Journals,  diameter  of.  887. 
Kilograms  Into  pounds,  887. 

per  square  centimeter  into  pouida 
|)er  square  inch,  860. 
Latent  heat,  18. 

outer  and  inner  of  steam.  406b 
Laubereau  and  Lehmann,  hot-sir  engine,  MB. 
Lauberean*8  engine,  delivery  of,  276. 

dimensions  of,  S78b 
theory  of,  272. 
Lavoisier  and  Ijaplace,  68. 
Lehmann's  engine,  delivery  of,  886. 

hot-air  engine,  279l 
Length  of  oonnr'cting  rod.  Influence  of,  641. 
Lenoir  engine,  delivery  of,  296. 
Light,  identity  with  heat,  7. 
Liquid,  heat  of.  887. 
Locomotive  boiler,  494. 
Magnus,  f ormulie  of,  888. 
Mariotte  and  Gay-Luaeac*8  laws  combined,  160, 

158. 
Mariotte's  law,  148. 
Mayei.  vlewi«  of,  89,  IQB. 
Mazeline,  hot-air  engine  of,  286. 
Mechanical  effect,  8. 

equivalent  of  heat,  10, 44,  65, 70, 80, 
104,106. 

calcniatlon    of, 
160. 
theory  of  heat,  fundamt^ntal  equa- 
tions, 128. 
Melting  point,  146. 
Metor-kilograms,  into  foot-lbs.,  868. 
Meters  Into  inches,  866. 
Mixture  of  sieam,  496. 
Motion,  perpetual,  5,  69. 
Notation,  customary  for  steam,  400. 

of  frequent  use.  204. 
Otto  and  Langen.  gas  engine.  2S8. 
Outer  and  inner  work,  121, 122. 

work,  18. 
Passages,  steam,  cross-section  of,  624. 
Perpetual  motion,  5, 60. 
Piston,  mean  velocity  of,  628. 
Pounds  into  kllc^irams,  86B. 

per   pquare   inch  into  kilograms  per 
square  centimeter,  889. 
Pressure,  back,  work  of,  621. 

change  of,  with  volume  for  air,  106. 
specific,  122. 
Process,  cycle,  19 
Pumps,  dimensions  of,  648. 
Radiation  and  conduction  of  heat.  116. 
Redtenbacher.  theory  of,  111. 
Reduction  tables,  866. 
Regenerator,  269. 

in  hot-air  engines,  72. 
Regnault,  experiments  of,  881. 

formulfe  of,  882. 
R0ntgen*s       ''  884. 

Rnmford,  experiments  of,  68, 101. 
Saturated  steam,  87t^. 

densltv  of,  410. 
formulae  for,  410. 
Saturation,  curve  of,  415. 
Specific  gravity,  130. 
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Specific  heat,  118, 184. 

actaal,  ef  water,  880. 
mean  of       **       880. 
of  gaaec,  148. 
of  water,  8^. 
prmsore,  18^ 
steam  volume,  808. 

calculated,  408. 
volome,  188. 

of  aaperheated  steam,  661. 
Steam,  adlabatlc  compresBion  of,  444. 
cnrre  for,  485. 
expansion  of,  444. 
and  hot  air,  comparlaon  of  work  of,  888. 
condensation  of,  in  expanding,  T%. 
efflox  of,  612. 
engme,  668. 

and  hot-air  engine,  comparison 

of,  218. 
calculation  of,  647. 
complete  calculation  of,  007. 
cost  of  working,  646. 
cycle  process  of,  608. 
efficiency  of,  818. 
imperfection  of  cycle  proceaa 

of,  507. 
motive  power  of,  00. 
perfect,  608. 
ezpan^on  of,  416. 
gas,  879. 

generalpropertieB  of,  877. 
beat,  887. 
Indicator,  18. 
isodynamic  curve  for,  460. 
isothermal  cur\'e  for,  466. 
mixtures  of,  406. 
passages,  cross-section  of,  6M. 
aaturated,  878. 
nperheated,  870,  648. 

adiabatic  cnrve  for,  678. 
isodynamic  curve  for,  680. 
isothermal  curve  for,  661. 
volume,  calculated,  408. 
per  stroke,  617. 
specific,  800. 
weight,  curve  of  constant,  418. 

per  hour.  648. 
work  of  the  driving,  610. 


I  Sterling's  engine,  966. 
Superheated  steam,  870, 648. 

adiabatic  cnrve  for.  678. 
Isodynamic  cnrve  for,  660. 
isothermal  cnrve  for,  661. 
ipecific  volume,  651. 
Zeuner^  theory  of,  6B0. 
Surface  condenser,  601. 

heating,  488. 
Tables,  reduction,  878. 
Temperature,  absolute  aero  of,  144, 

critical,  415. 
Tension,  body,  188. 
Thermodynamic  function,  180. 
Thermodynamics,  definition  of,  8. 
Thomson  and  Joule,  experimenta  of,  71. 

Wm.,  60. 
Total  heat,  801. 
Unger*8  hot-air  engine,  806. 
Useful  delivery,  641. 
Vaporization,  neat  of,  801. 

inner  and  outer  heat  of,  886. 
Vegetation,  dependence  upon  light,  86. 
Velociij  of  eflluxof  steam.  610. 

of  piston,  mean,  688. 
Vis  viva,  8. 
Volume  capacity,  180. 

change  of,  with  pressure,  106. 
specmc,  188. 

of  superheated  steam,  6S1. 
steam,  880. 
calculated,  408. 
steam,  per  stroke,  617. 
Water,  hot,  efliux  of,  688. 
Work,  8. 

dlagregation,  18,  85, 188. 

in  crystals  and  liquids,  64. 
Inner  and  outer,  181. 
outer,  18. 

and  inner,  188. 
performed  by  heat,  106. 
useful,  6. 
Working  of  steam  engine,  cost  of,  646. 
Toung.58. 
Zero,  absolute,  148. 

Zenner,  theory  of  superheated  steam,  650. 
Zinc,  decompoaltion  of,  184. 


1 


I 


